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The  mechanisms  of  dezincif ication  of  single-phase 
alpha  and  beta  brasses  were  studied  using  x-ray  diffraction, 
electron  microprobe,  metallographic,  atomic  absorption,  and 
electrochemical  techniques. 

The  two  mechanisms  of  dezincification  which  had  been 
previously  reported,  (1)  dissolution  of  both  alloy  constit- 
uents followed  by  redeposition  of  the  more  noble  species, 
and  (2)  the  selective  removal  of  the  less  noble  constituent, 
were  found  to  be  operative  under  certain  conditions  of  po- 
tential and  pH  for  both  alpha  and  beta  brasses. 

An  electrochemical  explanation  of  the  circumstances 
under  which  dealloying  can  be  expected  to  occur  was  devel- 
oped based  on  the  use  of  Pourbaix  diagrams. 
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INTRODUCTION 

Dealloying  is  a  corrosion  process  whereby  one  constitu- 
ent of  an  alloy  is  preferentially  removed  from  the  alloy, 
leaving  an  altered  residual  structure. 

While  dezincification,  the  loss  of  zinc  from  brasses, 

(2-12) 
is  the  most  commonly  experienced  form  of  dealloying, 

other  examples  have  been  reported  in  practice.   These  in- 
clude loss  of  nickel/2'13"15'1  aluminum^9  >16"22)  and 
tin  C23 ,  24 )  from  COpper  alloys;  iron  from  cast  iron;1-   -1 
nickel  from  alloy  steels^26)  and  cobalt  from  Stellite .  (-27-) 
Since  the  phenomenon  was  first  reported  in  1866,  the 
literature  has  been  filled  with  reports  of  research  efforts 
aimed  at  clarifying  the  mechanisms  of  dealloying.   Nonethe- 
less, there  still  is  no  general  agreement  as  to  the  detailed 
mechanism  involved.   One  group  contends  that  the  entire  al- 
loy is  dissolved  and  that  one  of  its  constituents  then  is 

C2T  2 7 - 4 0 ^1 
replated  from  solution.  *•   '     J      Another  contends  that 

one  species  is  selectively  dissolved  from  the  alloy,  leav- 

*   *i.         ui       •    (15,41-47) 
ing  a  porous  residue  of  the  more  noble  species. 

Still  others  believe  that  both  mechanisms  take  place.1-   ' 

A  number  of  literature  surveys  have  appeared, and  these 

summarize  the  situation  up  to  the  time  they  were  writ- 
ten. (1,49,55-58) 
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The  study  of  dealloying  phenomena  is  fraught  with  a 
number  of  complications.   Generally,  such  reactions  are 
relatively  slow  and  a  lengthy  exposure  period  is  required 
to  cause  a  sufficiently  great  amount  of  dealloying  to  facil- 
itate evaluation.   Consequently,  there  is  considerable  inter- 
est in  accelerated  test?  for  evaluation  of  tendencies  of 
alloys  to  dealloy.   Many  techniques  have  been  employed.   For 
example,  electrolyte  compositions  have  been  adjusted  by  us- 
ing more  concentrated  solutions  or  solutions  having  varia- 
tions in  oxidizing  power.    ^      Specific  ions  have  been  added 
to  stimulate  dealloying,  e.g.,  saturated  cuprous  chloride 
solutions  have  been  used  to  accelerate  the  dezincif ication 
of  copper-base  alloys.^-   ^   Electrochemical  stimulation  also 
has  been  used.   Unfortunately,  all  too  often  the  test  meth- 
ods employed  have  been  vulnerable  to  criticism  as  having 
biased  the  experimental  result  and,  although  specific  tech- 
niques are  now  available  which  can  cause  dealloying  to  occur 
in  the  laboratory,  nonetheless,  there  still  is  no  firm  basis 
for  predicting  the  likelihood  of  dealloying  in  service  based 
on  these  tests. 

Single-phase  alpha  brasses  and  duplex  alpha-plus -beta 
brasses  are  the  only  forms  of  copper-zinc  alloys  having 
engineering  significance  at  present.   Bengough  and  May  re- 
ported, in  1922,  that  small  additions  of  arsenic  would  pre- 
vent dezincif ication  of  alpha  brasses  but  would  not  protect 

f5  91 
the  beta  phases  of  duplex  alloys. v  '      The  reasons  tor 
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arsenic  protecting  alpha  brass  but  not  the  beta  phase  of 
duplex  alloys  have  remained  controversial.*-  '        However, 
the  addition  of  small  amounts  of  arsenic,  or  of  antimony  or 
phosphorus,  which  have  similar  effects,  has  become  a  stan- 
dard  means  of  inhibiting  dezincif ication  in  alpha  brasses. v  J 
No  inhibitoi  is  presently  available  for  duplex  alloys,  al- 
though the  addition  of  tin  retards  most  forms  of  brass  cor- 
rosion to  include  dezincification.  *-  J 

The  purpose  of  this  investigation  has  been  to  elucidate 
the  mechanism  of  dezincification  of  alpha  and  of  beta  brasses 
and  to  develop  a  basis  for  predicting  the  conditions  under 
which  dezincification  of  these  alloys  might  be  expected  to 

occur . 

Particular  emphasis  was  placed  on  selecting  exposure 
conditions  and  test  methods  which  would  not  bias  the  experi- 
mental results.   For  example,  it  was  felt  that  accelerated 
tests  using  copper-chloride  solutions  could  not  give  un- 
biased evidence  for  a  dissolution-redeposition  mechanism, 
although  this  method  of  accelerated  testing  has  been  re- 
ported frequently  in  the  literature . ^~  '   '        Electro- 
chemical stimulation  (in  which  the  specimen  was  a  driven 
anode)  has  also  been  used  as  a  means  of  producing  dezincifi- 
cation.^-    ^   This  method  of  producing  accelerated  attack 
also  can  bias  the  experimental  results  by  masking  the  pres- 
ence of  diffusion- related  selective -removal  processes,  be- 
cause diffusion,  as  it  is  commonly  understood,  is  a  quite 
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slow  process  at  the  low  temperatures  encountered  in  aqueous 
environments . 

Mechanism  studies  were  performed  on  brass  immersion 
samples  placed  in  NaCl  and  HC1  solutions.   No  copper  salts 
were  added  to  the  test  electrolyte  except  as  the  result  of 
corrosion  of  the  test  specimens.   Test  durations  of  up  to 
90  days  were  employed  at  temperatures  ranging  from  room  tem- 
perature (approximately  25°C)  to  100°C. 

Potentiostatic  and  potentiokinetic  methods  were  used 
to  define  conditions  under  which  dealloying  might  be  ex- 
pected to  occur. 


EXPERIMENTAL  PROCEDURE 

The  possibility  of  bias  of  results  due  to  the  testing 
method  used  was  discussed  in  the  introduction  to  this  dis- 
sertation.  Immersion  testing  of  brass  samples  in  environ- 
ments known  to  produce  dezincification  was  chosen  as  the 
laboratory  test  method  most  suited  for  a  study  of  the  mecha- 
nism of  dealloying. 

Electrochemical  tests  were  employed  in  later  stages  of 
this  investigation,  after  the  mechanism  studies  were  com- 
pleted.  These  tests  were  intended  to  define  the  conditions 
of  potential  and  pH  under  which  particular  modes  of  dealloy 
ing  of  copper- zinc  alloys  could  be  expected  to  occur. 
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Immersion  Test  Apparatus 

Figure  1  is  a  diagram  of  the  immersion  test  cell  used 
in  this  investigation.   It  is  similar  in  many  respects  to 
that  recommended  by  National  Association  of  Corrosion  Engi- 
neers Standard  TM-01-69,  "Laboratory  Corrosion  Testing  of 
Metals  for  the  Process  Industries."*-  ° ' 

The  cell  is  constructed  of  a  Pyrex*  glass  resin  reac- 
tion kettle  held  together  by  an  external  metal  clamp.   All 
fixtures  inserted  into  the  cell  also  are  made  of  Pyrex, 
with  the  exception  of  the  Teflon**- coated  stirring  bar. 

Samples  are  suspended  from  a  sample  holder  as  shown  in 
the  diagram.   In  tests  requiring  an  oxygen- free  environment, 
liquid  in  the  cell  is  sparged  with  dried  and  purified  argon 
which  enters  the  cell  through  a  f ritted-glass  diffuser  im- 
mersed in  the  liquid.   Gas  is  passed  out  of  the  system  by 
way  of  a  Liebig-type  reflux  condenser  which  is  backed  up  by 
a  liquid  trap  to  prevent  solution  loss  or  contamination.   The 
volume  of  solution  within  the  cell  was  measured  at  the  start 
and  finish  of  each  test.   Losses  did  not  exceed  10  ml  from 
an  initial  volume  of  750  ml  in  tests  of  up  to  30  days.   This 
corresponds  to  a  maximum  change  in  solution  volume  of  1.3 
percent.   the  normality  of  acids  being  used  was  also  checked 


*Registered  trademark,  Corning  Glass  Company. 

**Registered  trademark,  E.  I.  duPont  de  Nemours  and 
Company,  Inc. 


Figure  1.   Immersion  test  cell.   A  -  sample  holder, 

B  -  sample,  C  -  immersion  heater,  D  -  stir- 
ring bar,  E  -  J- tube  thermostat,  F  -  gas 
inlet  diffuser,  and  G  -  gas  outlet  through 
reflux  condenser. 


before  and  after  each  exposure  by  titration  with  a  IN  NaOH 
standard.  It  was  found  to  vary  by  no  more  than  ±0.05  nor- 
mality units  from  start  to  finish  of  any  test. 

The  liquid  temperature  was  controlled  to  within  ±0.35°C 
by  means  of  an  electric  thermoregulator  coupled  to  a  100 
watt  immersion  heater. 

Immersion  tests  were  conducted  in  IN  NaCl  and  5N  HC1. 
These  solutions  were  chosen  because  they  are  nonoxidizing 
and  do  not  form  soluble  metal  complexes  with  the  exception 
of  CuCl9".   Because  of  the  historic  significance  of  dezinc- 
ification  failures  in  salt  water  and  other  chloride  environ- 
ments, it  was  felt  that  chlorides  should  be  used  despite 
the  existence  of  this  one  complex  metal  ion.   The  high  acid 
concentration  was  chosen  to  minimize  acidity  changes  within 
the  solution.   This  high  acid  concentration  was  also  very 
close  to  the  maximum  concentration  that  can  be  maintained 
at  100°C  without  boiling.  *•   -* 

Previous  immersion  tests  in  HC1  and  NaCl  have  appeared 
in  the  literature/29'40'47'52'61'62'68'650  and  comparisons 
with  previous  results  are  contained  in  the  discussion  section 
of  this  work. 


Electrochemical  Test  Apparatus 

The  electrochemical  hysteresis  technique  was  used  for 
experimental  determination  of  the  corrosion  behavior  of  al- 
loys as  a  function  of  potential  and  pH.   The  equipment, 
techniques  and  theories  upon  which  investigations  of  this 

type  are  based  have  been  discussed  at  some  length  in  other 

.   (70-73) 
reports . v 

The  equipment  is  described  schematically  in  Figure  2 
and  listed  in  Appendix  1.   The  scanning  potentiostat  applies 
a  continuously  varying  potential  to  the  sample  over  a  cer- 
tain range.   The  differential  amplifier  isolates  the  corro- 
sion cell  from  the  recording  equipment  and  eliminates  ground 
loops.   The  log  converter  allows  the  corrosion  current  to  be 
plotted  as  a  logarithm  on  the  x  axis  of  the  x-y  recorder, 
while  the  sample  potential  is  plotted  linearly  on  the  y  axis. 
An  automatic  step  switching  apparatus  *■   J  extends  the  range 

of  the  log  converter  and  allows  the  continuous  recording  of 

-8  2 

corrosion  current  densities  from  5  x  10   to  10  amps/cm  . 

The  low-pass  RC  filter,  consisting  of  a  100  microfarad 
capacitor  in  parallel  with  a  25  K-ohm  potentiometer  adjusted 
to  10  K-ohms,  reduces  electrical  noise  in  the  system  to  neg- 
ligible values. 

A  schematic  diagram  of  the  corrosion  cell  is  seen  in 
Figure  3.   The  buffered  electrolyte  is  vacuum  deaerated 
prior  to  transference  to  the  corrosion  cell.   The  solution 
is  continuously  purged  with  hydrogen  during  the  run  via  the 
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Figure  2.   Circuit  diagram  of  equipment  used  to  polarize 
specimen  and  automatically  record  corrosion 
current  density  as  a  function  of  potential. 
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Figure  3.   Corrosion  cell  used  in  electrochemical 
investigations . 
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f  75") 
gas  diffuser  as  suggested  by  ASTM  committee  Gl .      A 

bright  platinum  screen  serves  as  the  auxiliary  electrode. 
The  current  from  the  potentiostat  to  the  auxiliary  electrode 
is  measured  as  a  potential  across  a  precision  resistor  se- 
lected to  provide  the  required  logarithmic  converter  input 
voltage.   A  Luggin-Haber  probe  connected  to  a  standard  calo- 
mel electrode  is  used  to  measure  the  sample  potential.   The 
thermometer  is  used  to  indicate  the  temperature  of  the  elec- 
trolyte.  The  solution  is  stirred  using  a  magnetic,  water- 
powered  stirrer.   The  cell  itself  is  made  of  Pyrex  glass 
with  a  Teflon  lid  bolted  to  a  polycarbonate  Van-Stone  back- 
ing ring  which  makes  the  system  airtight. 

The  sampleholder  is  shown  in  Figure  4.  The  main  body 
of  the  holder  is  constructed  of  Teflon  so  that  it  will  not 
react  with  the  test  solution.   Copper  parts  encased  in  the 

Teflon  allow  electrical  contact  with  the  sample.   A  poly- 

2 
carbonate  nut  fastens  the  sample  in  place  and  allows  1  cm 

to  be  exposed  to  the  electrolyte.   The  Teflon  gasket  avoids 
leakage  and  minimizes  crevice  effects. 

Care  must  be  exercised  when  choosing  buffered  electro- 
lytes to  insure  that  solution  ions  will  not  form  complexes 
with  the  metal  ions  from  sample  dissolution.   The  electro- 
lytes used  in  these  studies  are  listed  in  Appendix  2.   All 
solutions  used  in  this  portion  of  the  investigation  had  a 
0.1  M  chloride  content.   The  effects  of  copper-chloride  com- 
plexes were  discussed  in  the  section  on  immersion  testing. 
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Figure  4.   Assembled  and  exploded  views  of  sample 
holder. 
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The  effects  of  scan  rate  were  investigated.   Reinoehl 
and  coworkers*-  '    show  that  passivation  current  density  is 
a  function  of  scan  rate,  but  that  critical  passivation  poten- 
tials and  rupture  potentials  are  independent  of  scan  rate, 
at  least  for  iron  in  IN  H-SO..   A  more  detailed  discussion 
of  the  importance  of  scan  rates  is  contained  in  the  discus- 
sion section.   A  scan  rate  of  33  mv/min  was  chosen  for  this 
investigation  after  examining  scan  rates  from  5.5  mv/min  to 
667  mv/min. ^77^   The  selected  rate  was  slow  enough  to  avoid 
losing  any  configuration  of  the  polarization  curve,  yet  fast 
enough  to  minimize  masking  effects  due  to  dezincification 
of  the  sample. 

After  experimental  Pourbaix  diagrams  were  established 
by  potentiokinetic  polarization  techniques,  potentiostatic 
tests  were  run  to  verify  the  potential  regions  where  de- 
zincification occurs.   The  six-cell  potentiostat  described 
by  Cusamano*-  '   was  used  for  these  potentiostatic  tests. 
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Samp 1 e  Pr eparation 


The  alpha  brass  samples  used  in  this  investigation  were 
donated  by  the  Chase  Brass  and  Copper  Company.   The  brass 
was  obtained  in  two  25-pound  lots  of  as-extruded  cartridge 
brass  wire  having  diameters  of  0.850  in  and  0.687  in,  re- 
spectively.  The  chemical  analyses  of  these  alpha  brass  sam- 
ples are  shown  in  Appendix  3. 

Beta  brass  ingots  having  a  nominal  composition  of  52 
w/o  Cu  and  4  8  w/o  Zn  were  prepared  from  99.991  pure  copper 
and  zinc  stock  purchased  from  the  American  Smelting  and  Re- 
fining Company.   The  ingot  melting  procedures  are  described 
in  detail  in  Appendix  4.   The  tops  and  bottoms  of  each  ingot 
were  analyzed  according  to  the  procedure  described  in  Appen- 
dix 5.   Ingots  which  varied  by  less  than  1,0  w/o  Cu  from  top 
to  bottom  were  then  used  in  the  as-cast:  condition  for  these 
experiments.   Each  ingot  weighed  approximately  150  grams  and 
was  15  mm  in  diameter.   The  average  compositions  of  the  beta 
brass  ingots  used  are  listed  in  Appendix  6. 

Disc-shaped  cross -sections  were  cut  from  the  alpha 
brass  wire  and  from  the  as -cast  beta  brass  ingots.   Sample 
surfaces  were  prepared  according  to  the  technique  described 
in  Appendix  7 . 

Five  types  of  samples  were  used  in  this  study.   Samples 
intended  for  x-ray  analysis  were  simple  discs  of  brass   with 
a  hole  drilled  through  one  side  so  they  could  be  suspended 
from  the  sample  holder  as  shown  in  Figure  1.   These  samples 
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were  also  used  for  the  electron  microprobe  and  optical  in- 
vestigations . 

For  the  atomic-absorption  experiments  where  metal-ion 
dissolution  was  to  be  monitored,  cylindrical  specimens  were 
mounted  in  dental  mount  su  as  to  leave  exposed  a  circular 
cross -section  of  known  geometric  area.   The  specimens  were 
then  polished  according  to  the  procedure  described  in  Appen- 
dix 7  and  suspended  in  the  reaction  kettles  by  means  of  a 
hole  drilled  in  the  dental  mount.   This  procedure  is  similar 
to  that  described  by  Fisher  and  Halperin  for  their  calorim- 
etry  studies  on  the  dealloymg  of  copper-gold  alloys. 

Disc  specimens  prepared  according  to  the  procedure  de- 
scribed in  Appendix  7  were  used  for  the  potent: okinetic  ex- 
periments using  a  sample  holder  shown  in  Figure  4.   For 
testing  details  see  the  section  on  electrochemical  test 

apparatus . 

Early  high- temperature  tests  in  this  investigation  used 
samples  in  which  all  but  a  1/2  cm  x  1/2  cm  square  section  of 
the  sample  was  "stopped  off"  using  Miccroshield*  stop-off 
lacquer.  Examination  of  the  samples  after  exposure  revealed 
that  leaks  through  the  lacquer  were  present  and  this  type  of 
sample  was  abandoned.  The  significance  of  these  leaks  is 
discussed  in  the  discussion  section  of  this  report. 

Potentiostatic  tests  at  room  temperature  were  conducted 
using  discs  with  an  insulated  copper  wire  soldered  to  the 


*Trade  name,  Michigan  Chrome  and  Chemical  Company 
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back.   Miccrostop  stop-off  lacquer  was  used  to  coat  the 
back  and  sides  of  these  samples  leaving  a  circular  exposure 
surface.   Examination  of  the  samples  after  exposure  revealed 
no  apparent  leaks  in  the  lacquer. 


X-RAY  DIFFRACTION 

X-ray  diffraction  and  electron  diffraction  have  been 
used  by  several  researchers  in  an  attempt  to  ascertain 
whether  dealloying  is  a  process  involving  the  selective  re- 
moval of  one  constituent  or  a  dissolution-redeposition  pro- 
cess.^38,52,63,64'79"83''  If  a  redeposition  process  occurs, 
the  diffraction  pattern  should  show  diffracted  radiation 
due  to  remnants  of  the  original  alloy  and  also  due  to  re- 
deposited  metal.   Diffracted  radiation  between  the  two  peaks 
would  supposedly  indicate  an  alloy  having  a  composition  be- 
tween that  of  the  original  alloy  and  that  of  the  final,  de- 
alloyed,  relatively  pure  metal.   This  intermediate  composi- 
tion, if  detected,  would  indicate  that  a  selective-removal 
process  is  operative. 

Most  x-ray  diffraction  and  electron  diffraction  studies 
of  dealloying  have  involved  single-phase,  binary  alloys  of 
either  copper-zinc  or  copper-gold.   The  phase  diagrams  for 
these  two  binary  systems  are  shown  in  Figures  5  and  6. 

One  of  the  principal  limitations  of  the  copper-zinc 
system  is  that  alpha  brass  is  stable  up  to  only  about  37 
w/o  zinc  at  room  temperature.   This  limits  the  possible 
changes  in  lattice  parameter,  and  thus  the  changes  in  the 
resulting  x-ray  or  electron  diffraction  angles,  to  a  small 
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Figure  5.   Copper-zinc  phase  diagram  (Metals  Handbook, 
1948  edition,  p.  1206)  . 
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Figure  6.   Copper-gold  phase  diagram  (Metals  Handbook, 
1948  edition,  p.  1171)  . 
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range.*   -*   The  lattice  parameter  of  alpha  brass  as  a  func- 
tion of  zinc  content  is  shown  in  Figure  7. 

Pickering  points  out  that  by  choosing  an  alloy  system, 
such  as  copper-gold,  with  elements  having  substantial  dif- 
ferences in  atomic  diameter,  the  lattice  parameter,  and  thus 

the  separation  between  peaks  of  the  original  alloy  and  those 

[7<n 

of  the  corroded  residue,  will  be  increased. 

An  alternative  to  this  would  be  to  start  with  an  alloy 
which,  upon  dealloying,  would  undergo  a  phase  change  as  well 
as  a  change  in  lattice  parameter. 

Of  the  large  number  of  reports  concerning  diffraction 
studies  of  dealloying,  only  two  previous  researchers  have 

concluded  that  their  data  supported  a  selective-removal 

.   .    (52,63,64,79) 
mechanism.  «•»»»■' 

Pickering  subjected  copper-gold  alloys  to  electrolytic 
dissolution  and  showed  the  appearance  of  an  intermediate 
peak  which,  as  additional  current  was  passed,  increased  in 
intensity  and  moved  closer  to  the  position  to  be  expected 
for  pure  gold.   The  alloy  peak  decreased  appropriately  in 
intensity. 

A  later  investigation  by  the  same  author  reported  the 
formation  of  new,  intermediate,  phases  during  the  anodic 
dissolution  of  gamma  brass  and  of  epsilon  brass.1-   J   This 
report  substantiated  the  results  of  Stillwell  and  Turnipseed 
who  subjected  epsilon  brass  to  various  corrosive  media,  and 
whose  x-ray  diffraction  results  indicated  the  presence  of 
intermediate  phases  in  some  of  their  experiments.    ■* 
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Figure  7.   The  lattice  parameter  of  alpha  brass  as  a 
function  of  the  atomic  percent  zinc. (84) 
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The  lack  of  similar  results  in  other  studies  of  de- 
alloying  may  be  due  to  the  use  of  conventional  film  methods 
for  recording  diffracted  intensity.  l 
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Present  Work 

All  x-ray  diffraction  mechanism  studies  performed  dur- 
ing this  investigation  were  performed  on  powder  samples  ob- 
tained from  discs  of  alpha  brass  and  of  beta  brass  exposed 
to  hydrochloric  acid  in  the  immersion  apparatus  shown  in 
Figure  1  and  described  in  the  section  on  experimental  pro- 
cedure. 

There  are  several  problems  associated  with  the  use  of 
a  diffractometer  for  investigating  dezincif ication  of  alpha 
brasses.   If  the  peaks  due  to  the  original  alloy  occur  too 
close  to  the  copper  peaks,  then  "tails"  of  diffraction  peaks 
may  overlap  and  be  misinterpreted  as  being  due  to  an  alloy 
of  intermediate  composition. 

This  is  true  of  the  diffraction  patterns  obtained  using 
Cu  Ka  radiation.   The  separation  is  less  than  one  degree  29 
between  the  (111)  peaks  of  pure  copper  and  of  70-30  alpha 
brass.   At  higher  angles  the  separation  between  peaks  be- 
comes greater,  but  intermediate  intensity,  if  present,  would 
be  spread  out  also,  and  thus  be  harder  to  detect. 

Figure  8  shows  the  (111)  peaks  from  a  sample  obtained 
by  mixing  filings  of  alpha  brass  with  annealed  filings  of 
copper.   A  slight  increase  of  intensity  due  to  the  overlap 
of  the  "tails"  of  the  peaks  is  apparent. 

Figures  9  and  10  show  the  (111)  peaks  obtained  from 
samples  of  alpha  brass  dezincified  for  20  and  30  days,  re- 
spectively, in  5N  HC1  at  75°C.   The  intensity  between  the 
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two  peaks  on  the  corroded  samples  is  higher  than  would  be 
obtained  due  to  overlap  of  the  "tails"  of  the  copper  and 
alpha  brass  peaks.   However,  this  intensity  would  probably 
be  undetected  on  a  standard  powder  pattern  obtained  by  film 
methods . 

If  dezincification  of  beta  brass  occurs  by  a  volume- 
diffusion  mechanism,  the  diffraction  pattern  obtained  from 
a  powder  of  dezincified  beta  brass  could  be  expected  to  show 
scattered  intensity  characteristic   of  FCC  alpha  brass  hav- 
ing a  lattice  parameter  different  from  that  of  FCC  copper. 
Figure  11  shows  a  diffraction  pattern  obtained  from  a  sample 
of  beta  brass  dezincified  for  two  days  in  5N  HC1  at  75°C. 
The  peak  at  43.3  degrees  is  due  to  a  superposition  of  beta 
brass  (110)  scattering  and  copper  (111)  scattering.   The 
broad  peak  at  42.4  degrees  is  characteristic  of  alpha  brass 
having  approximately  36  w/o  zinc. 

The  above-mentioned  figures  thus  give  x-ray  diffraction 
evidence  which  supports  a  selective-removal  mechanism  for 
the  loss  of  zinc  from  both  alpha  and  beta  brasses  when  ex- 
posed to  5N  HC1  at  75°C. 

No  unidentified  peaks  were  detected  in  the  powder  pat- 
terns of  any  of  the  samples  shown  above;  thus,  the  possi- 
bility of  this  scattering  being  due  to  an  extraneous  source 
is  eliminated. 
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BETA  BRASS   (110) 
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COPPER  (III) 
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Figure    11.      Diffraction  pattern   from   sample    of  beta 
brass   dezincif ied   for   two   days    in   5N   HC1 
at    75°C. 


ELECTRON  MICROPROBE 

The  electron  microprobe ,  with  its  unique  capability 
for  chemical  analysis  of  very  small  regions,  has  been  used 
by  other  researchers  in  an  attempt  to  show  the  "diffusion 

gradients"  to  be  expected  from  a  selective-removal  mechanism 

r   a      n   •    (64,79,86) 

for  dealloymg.    '   '  ' 

Birks  describes  the  electron  microprobe  as  having  the 
capability  of  giving  an  x-ray  spectrochemical  analysis  of 
areas  between  0.1  and  3y  in  diameter.    J      The  principal 
factors  affecting  the  size  of  the  region  contributing  x-rays 
to  the  spectrum  are  the  electron  beam  size  and  the  density 
of  the  sample  under  investigation. 

Any  quantitative  method  for  x-ray  spectrochemical  analy- 
sis requires  comparison  with  standards  having,  as  nearly  as 

possible,  the  same  physical  characteristics  as  the  sample 

f  87") 
under  investigation.  *■  J      If  a  selective  removal  of  zinc 

atoms  occurs  during  dezincification,  the  atomic  sites  former- 

(  79") 

ly  occupied  by  these  atoms  will  become  vacancies.    *      As 

there  is  no  way  of  reproducing  these  vacancies,  with  their 
subsequent  effects  on  density  and  surface  roughness,  in  a 
calibration  standard,  it  is  misleading  to  attempt  to  assign 
quantitative  chemical  analysis  values  to  electron  microprobe 
data  from  dealloyed  specimens. 
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The  use  of  chart  recorders  to  show  diffusion  gradients 
can  also  be  misleading.   Both  the  response  time  of  the  chart 
recorder  and  the  scan  rate  at  which  the  sample  is  swept 
under  the  electron  beam  can  affect  the  apparent  fall-off 
distance  that  is  recorded  on  the  chart. 

Sugawara  and  Ebiko*-86-'  and  Pickering  *•   '   ^  have  pub- 
lished microprobe  data  obtained  with  chart  recorders  to  show 
relative  zinc  concentrations  as  a  function  of  distance. 
Sugawara  and  Ebiko  concluded  that  their  data  gave  no  indi- 
cation of  a  concentration  gradient  along  the  interface  be- 
tween corroded  and  uncorroded  brass.   Pickering  reports  a 
region  approximately  9y  thick  where  the  copper  concentra- 
tion fell  off  in  a  copper-gold  alloy  which  had  been  subjected 
to  electrochemical  anodic  dissolution. 

Other  researchers  have  used  x-ray  images  to  demonstrate 
the  occurrence  of  dealloying.  ^88 '89-)   None  of  these  authors 
used  microprobe  data  to  support  arguments  regarding  the 
mechanisms  involved. 
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Present  Work 

As  the  above  discussion  shows,  it  would  be  extremely 
difficult,  if  not  impossible,  to  obtain  meaningful  quanti- 
tative analyses  through  electron  microprobe  analysis  of  a 
region  having  a  large,  and  changing,  number  of  vacancies. 
This  problem  has  been  discussed  by  Anusavice^   J  who,  be- 
cause of  his  interest  in  eliminating  vacancy  and  pore  forma- 
tion in  high-temperature  diffusion  couples,  was  able  to 
apply  pressure  and  significantly  reduce  porosity  formation. 

The  technique  that  was  decided  upon  in  this  study  was 
to  use  the  University  of  Florida's  Acton  Electron  Micro- 
probe,  operated  under  conditions  which  would  produce  a  mini- 
mum beam  size,  to  obtain  point  counts  across  the  region 
where  zinc  concentration  was  found  to  change.   These  regions 
were  identified  either  by  using  a  chart  recorder  or,  as  ex- 
perience was  obtained  in  identifying  precise  regions  of  in- 
terest, by  using  the  light-optics  microscope  attachment  on 
the  microprobe. 

The  published  data  of  Pickering ^   '  ^    and  of  Forty  and 
Humble*-   -*  indicated  that  a  diffusion  zone,  if  it  were  to  be 
found,  would  be  rather  narrow,  of  the  order  of  lOu  or  even 
less.   Results  in  these  laboratories  confirmed  these  observa- 
tions and  perhaps  explain  why  Sugawara  and  Ebiko,    '  who 
used  a  chart  recorder  and  a  relatively  fast  scan  rate,  were 
unable  to  find  a  diffusion  zone. 


33 


In  the  present  study  point  counts  were  taken  at  inter- 
vals as  small  as  one  micron  across  the  region  of  interest. 
It  is  recognized  that  making  point  counts  at  narrow  inter- 
vals might  involve  some  slight  overlap  of  the  irradiated 
volumes  between  two  adjacent  points.   Howeirer ,  the  results 
obtained  by  varying  operating  conditions  sc  that  the  beam 
size  would  be  reduced  to  a  bare  minimum  did  not  give  a  change 
in  the  results  obtained,  and  it  is  felt  that  the  counts  ob- 
tained in  this  manner  are  of  physical  significance. 

Results  were  tabulated  as  intensity  ratios  by  taking 
the  average  of  three  successive  counts  on  the  same  point, 
subtracting  the  average  background  intensity  on  that  sample, 
and  dividing  by  the  average  point  counts  on  an  elemental 
standard  minus  the  average  background  intensity  on  the  stan- 
dard.  This  can  be  expressed  as: 

IA(Sample)  -  IA(Sample  BG) 
TA/T]00A  =  r~A(Stana~ara7~ -~T100^  (Standard  EGj 

(87) 
where  A  is  the  element  of  interest. 

Intensity  ratios  of  this  type  are  the  raw  data  for 

computer  programs  such  as  the  MAGIC  program  written  by  J. 

W.  Colby  and  in  use  at  the  University  of  Florida  for  quanti- 

(93) 
tative  electron  microprobe  analysis. 

Figures  12,  13  and  14  show  plots  of  intensity  ratios 

versus  distance  for  samples  of  alpha  and  beta  brass  exposed 

in  5N  HC1  or  in  IN  NaCl.   The  accompanying  photomicrographs, 
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MICRONS 


Figure  12. 


Zinc  intensity  profile  from 
alpha  brass  dezincified  for 
IN  NaCl. 


a  sample  of 
79  days  in 
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Figures  15,  16  and  17,  show'  the  carbon  traces  left  on  the 
sample  by  the  interaction  of  small  amounts  of  diffusion 
pump  oil  with  the  high-energy  electron  beam.   The  diffusion 
zone  occurs  in  each  case  at  the  very  edge  of  the  obvious 
change  in  color  as  shown  on  the  photomicrographs. 

Figures  12,  13  and  14  are  thus,  to  the  author's  knowl- 
edge, the  first  experimental  plots  of  alloy  composition  ver- 
sus distance  to  be  obtained  from  samples  subjected  to  de- 
alloying  under  free  corrosion  conditions  and  which  indicate 
the  existence  of  a  diffusion  zone. 

The  diffusion  distances  shown  in  Figures  12,  13  and  14 
are  typical  of  those  found  on  the  samples  examined.   Traces 
were  made  across  the  edges  of  polished  pieces  of  brass  and 
copper  to  determine  the  "distance"  which  would  be  recorded 
due  to  beam  overlap  between  one -micron  settings  of  the 
microprobe  stage.   Results  indicated  one  intermediate  point 
between  the  intensity  ratio  of  the  metal  and  the  background 
reading  on  the  nonconductive  mounting  material.   A  beam  at 
the  intermediate -reading  setting  which  was  only  partially 
on  the  sample  could  explain  the  intermediate  point.   The 
intermediate  points  of  Figures  12,  13  and  14  cover  an  inter- 
val of  at  least,  six  microns  and  are  thus  not  due  to  overlap 
of  the  beam  at  adjacent  position  settings. 
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Figure  15.   Photomicrograph  of  sample  shown  in  Figure  12, 
Probe  trace  is  indicated  by  the  arrow.   500X 
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Figure  16.  Photomicrograph  of  sample  shown  in  Figure  13 
Probe  trace  is  indicated  by  the  arrow.  Note 
surface  deposit  of  copper.   250X 
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Figure  17.   Photomicrograph  of  sample  shown  in  Figure  14. 
Probe  trace  is  indicated  by  the  arrow.   250X 


OPTICAL  METHODS 

Early  work  on  the  dezincification  mechanism  relied 
heavily  on  optical  observations.   Most  of  the  research  tools 
used  in  this  study  were  not  developed  at  that  time,  but  the 
microscope  and  metallograph  were  available  and  were  used. 
The  results  obtained  from  microscopic  investigation  were, 
however,  subject  to  "opinion-type"  interpretations,  and  re- 
searchers did  not  have  the  benefit  of  present-day  knowledge 
of  crystal  structure,  grain  growth,  epitaxial  electrolytic 
deposition,  the  concept  of  an  occluded  cell,  and  other  ideas 
which  are  part  of  the  present-day  researcher's  background. 

In  1922  Abrams1  J    suggested  that  dezincification 
occurred  when  a  membrane  of  some  type  was  available  to  hold 
dissolved  copper  in  contact  with  the  brass  surface  or  when 
a  large  excess  of  copper  was  present  in  the  solution.   His 
experiments  with  copper  chloride  solutions  led  to  further 
work  by  Bengough  and  May,^  *    and  solutions  of  this  type 
soon  became  an  accepted  method  of  accelerated  testing  for 
the  susceptibility  of  alloys  to  dezincification.  *•   J 

Early  researchers  noted  that  dezincification  could  be 
classified  as  occurring  either  in  "layers"  or  in  "plugs" 
such  as  the  one  shown  in  Figure  18.   These  plugs  were 
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Figure  1; 


Dezincification  plug  in  70-30  alpha  brass 
exposed  for  79  days  in  IN  NaCl  at  room 
temperature.   200X 
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attributed  to  breaks  in  a  protective  scale  on  the  metal  sur- 
face which  allowed  localized  attack  in  certain  specific  loca- 
tions.  It  seemed  obvious  that  breaks  of  this  type  would 
cause  flow  restrictions  which  would  lead  to  a  high  concen- 
tration of  copper  in  a  region  adjacent  to  the  corroding  sur- 
face.  Bengough  and  May  pointed  out  that  precipitation  of 
copper  due  to  concentration  effects  seemed  likely,    '    and 
for  a  long  time  this  seemed  to  be  the  logical  mechanism  for 
dezincification.   Simmons  later  pointed  out  that  dezincifi- 
cation  plugs  occurred  under  circumstances  which,  if  slightly 
altered,  would  result  in  pits.   ; 

Most  early  investigators  were  concerned  with  dezincifi- 
cation of  condenser  tubes  under  conditions  where  scale  build- 
up, and  subsequent  cracks  in  the  scale ,  were  likely  to  occur. 
The  ideas  put  forth  by  Abrams  and  by  Bengough  and  May  gained 
wide  acceptance.  However,  this  explanation  did  not  seem  to 
cover  dealloying  in  ship  propellers  and  in  other  high-flow- 
rate  situations. 

Interest  in  the  field  remained  high,  and  reports  of 
metallographic  investigations  into  the  dezincification  mecha- 
nism continued.   Bassett^  *    and  Polushkin  and  Shuldener^  > 
decided  that  dezincification  was  a  selective  removal  process 
after  examining  large  numbers  of  samples  which  had  failed  in 
service.   This  contrasted  with  the  opinion  of  Horton^  *    and 
served  to  emphasize  that  conclusions  based  on  metallographic 
observation  are  often  dependent  on  the  opinions  and  prior 
experience  of  the  observer. 
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The  difficulties  of  defining  and  comparing  the  service 
conditions  reported  by  various  authors  are  additional  draw- 
backs to  arriving  at  a  general  mechanism  based  on  optical 
observations  of  in-service  failures. 

In  1965,  V.  F.  Lucey  reported  on  laboratory  experiments 
conducted  in  closed  containers  containing  saturated  copper 
chloride  solutions  and  containing  excess  undissolved  cuprous 

chloride.^  J      It  is  hardly  surprising  that  he  observed  cop- 

r  92") 
per  deposition  from  such  a  solution.    '      However,  Lucey 

neglected  to  point  out  that  his  experiments  did  not  show 
that  a  selective  removal  process  could  not  occur  under  other 
circumstances  or,  indeed,  under  the  conditions  described  in 
his  papers . 

The  above  discussion  is  not  intended  to  indicate  that 
optical  observations  have  no  value  in  the  determination  of 
a  mechanism  for  dealloying  but  merely  to  point  out  that  ex- 
periments should  be  carefully  controlled  and  that  limitations 
of  optical  methods  should  be  recognized.   A  concurrent  ob- 
servation is  that  information  which  lends  support  to  one 
theory  should  not  be  misinterpreted  as  proof  of  the  invalid- 
ity of  a  contrasting  theory.   Some,  but  by  no  means  all,  of 
the  authors  discussed  above  have  recognized  this, while 
others,  unfortunately,  have  not. 
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Present  Work 


Exposure  samples  intended  for  x-ray  diffraction  analy- 
sis were  prepared  according  to  the  procedures  described  in 
the  section  on  sample  preparation.   NACE  Standard  TM-01- 
69 '■66^  suggests  that  closed  exposure  cells,  such  as  were 
used  in  this  investigation,  should  contain  several  samples 
to  be  pulled  after  certain  periods  of  time.   Each  time  a 
sample  is  removed  from  the  cell  a  replacement  sample  is 
added.   The  reason  which  is  given  for  this  is  to  check  for 
possible  changes  in  the  corrosivity  of  the  environment.1   J 
As  an  example,  in  one  series  of  tests  run  during  this  in- 
vestigation five  samples  were  prepared  for  each  cell.   Three 
were  immersed  in  the  original  solution.   After  ten  days  one 
sample  was  removed  and  replaced  with  a  fresh  sample.   This 
was  repeated  at  the  end  of  twenty  days,  and  the  test  was 
terminated  at  the  end  of  thirty  days.   Thus  five  samples 
were  obtained  from  each  test  and,  if  no  changes  in  the  cor- 
rosivity of  the  environment  occurred,  the  amount  of  dezincifi 
cation  experienced  by  the  sample  exposed  for  the  first  ten 
days  of  the  test  would  correspond  to  that  of  the  sample  ex- 
posed for  the  last  ten.   The  same  should  hold  for  samples 
exposed  for  the  first  twenty  days  and  the  last  twenty  days. 

As  was  mentioned  above,  these  tests  were  intended  pri- 
marily as  a  source  of  dezincified  brass  to  be  used  for  x-ray 
powder  samples.   Because  of  this  each  sample  was  a  simple 
disc  with  a  hole  drilled  near  one  edge  so  it  could  be 


46 


supported  in  the  exposure  cell.   No  effort  was  made  to  mask 

off  all  but  a  certain  area  for  exposure  and  the  exposed  area 

2  -2 

was  about  19-1/2  cm   in  750  ml  of  solution  (~2.6  x  10 

9 

cm  /ml)  which  is  quite  high.   The  tests  were  conducted  in 
5N  HC1  at  varying  temperatures.   During  these  tests  a  number 
of  the  samples  appeared  to  have  surface  deposits  which  had 
a  metallic  luster  and  grew  larger  with  the  passage  of  time. 
These  "deposits"  were  apparent  on  samples  which  had  been  ex- 
posed from  the  beginning  of  the  test  as  well  as  on  samples 
which  were  added  when  other  samples  were  removed. 

Figure  19  shows  a  photomicrograph  of  a  cross -sect ion 
of  one  of  these  samples.   The  normal  dezincified  texture  at 
the  bottom  of  the  sample  contrasts  sharply  with  the  appear- 
ance of  the  shiny  surface  deposits. 

That  these  formations  are,  in  fact,  deposits  is  shown 
in  Figure  20  where  a  portion  of  the  original  brass  surface 
is  visible  in  the  photomicrograph. 

Each  sample  in  these  tests  was  weighed  before  and  after 
the  test.   The  weight-loss  data  did  not  follow  any  recogniz- 
able pattern.   One  sample  in  these  tests  actually  gained 
weight . 

This  particular  sample,  which  was  exposed  for  the  last 
ten  days  of  a  twenty-day  test,  had  numerous  surface  deposits 
which  were  copper  colored  and  had  a  metallic  luster. 

Figure  21  is  a  scanning  electron  micrograph  of  one  of 
these  deposits  which  fits  the  "ridge  deposition"  description 
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Figure  19.   Copper  deposits  on  the  surface  of  dezincified 
alpha  brass  sample.   Sample  was  exposed  to 
5N  HC1  for  20  days  at  100°C.   50X 
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Figure  20.   Deposit  on  surface  o£  dezincif ied  alpha  brass 
sample.   Sample  was  exposed  in  5N  HC1  at 
100°C  for  10  davs.   100X 


49 


Figure  21.   Scanning  electron  micrograph  of  copper  slab 
protruding  from  the  surface  of  a  dezincified 
alpha  brass  sample.   500X 
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f93) 
of  copper  deposits  provided  by  Bockris  and  Damjamovic. 

Other  deposits  had  the  appearance  of  "long,  curled-up  wood 
shavings."   Figure  22  is  a  nondispersive  x-ray  pattern  of 
the  formation  shown  in  Figure  21,  and  this  pattern  clearly 
shows  the  deposit  to  be  metallic  copper.   The  sample  was  ex- 
posed to  hydrochloric  acid  in  a  Pyrex  reaction  kettle,  and 
the  silicon  and  chlorine  peaks  are  probably  due  to  contami- 
nation on  the  surface  of  the  deposit. 

One  of  the  deposits  was  pulled  from  the  sample  surface 
with  a  pair  of  tweezers  and  made  into  an  x-ray  powder  sample. 
The  diffraction  pattern  obtained  from  this  deposit  confirmed 
that  the  deposits  were  metallic  copper. 

Table  1  summarizes  the  weight  change  data  from  the 
sample  discussed  above.   Figure  23  is  a  photomicrograph  of 
this  sample  and  shows  that  the  sample  did  dezincify  as  well 
as  provide  sites  for  the  deposition  of  copper.   No  deposits 
appear  in  photomicrographs  of  this  sample  because  they  were 
removed  for  the  x-ray  diffraction  and  weight-change  analyses 
described  above. 

The  above  results  clearly  show  that  large  surface-area- 
to-cell-volume  ratios  and  the  addition  of  samples  to  solutions 
already  containing  dissolved  copper  are  situations  to  be 
avoided.   All  further  tests  were  conducted  on  a  one-sample- 
per-cell  basis  to  avoid  the  effects  described  above. 
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Figure  22.   Nondispersive  x-ray  analyzer  pattern  of 
deposit  shown  in  Figure  21. 
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Figure  23. 


Dezincified  cross-section  of  sample  shown 
in  Figure  21.   500X 
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Table  1 

Sample  6-19,  Weight  Information 

Original  weight  5.2121  gm 

Final  weight  5.3901  gm 

Weight  gained  0.1780  gm 


Weight  of  sample  with 
deposits  removed  by 
tweezers  and  ultra- 
sonic cleaning  4.5055  gm 


Weight  of  deposits 

(by  difference)  0.8846  gm 


SOLUTION  ANALYSIS 

Chemical  changes  in  the  electrolyte  surrounding  samples 
undergoing  dealioying  car  provide  information  regarding  the 
mechanisms  involved.  Analytical  methods  which  have  been  used 
to  monitor  metal-ion  pickup  in  solution  include  electro- 

r f.  -z  oo-i 

chemical  methods  [split-ring  electrodes1  yL    J    and  polarog- 

(44,47,95,96)-,     .   .   .    (78,97-100)    ,    ,. 
raphyv   '   '   '  J\,    colorimetry,    '       J    and  radioactive 

(99) 
tracer  techniques.    '      Alloy  systems  investigated  include 

.,  •    (44, 63, S8, 95, 100)  ,,  (78,97)    , 

the  copper- zinc,    '   '   '   '    '    copper-gold,    '  '    and 

(471 
copper-nickel.    '    systems. 

Of  particular  interest  is  whether  or  not  the  more  noble 

species  of  a  binary  alloy  dissolves  during  dealioying.    '   ' 
78,88,97-99) 

Colorimetry  and  polarography  are  the  only  two  techniques 
which  have  been  reported  heretofore  which  can  detect  the 
presence  of  trace  elements  in  solution.   ■  '    '      Atomic  ab- 
sorption is  a  technique  having  detection  levels  as  good  as  or 
better  than  either  colorimetry  or  polarography,^    ^  and 

this  is  the  method  employed  in  the  present  study. 

f7  8 1 
Fisher  and  Halperin1'  J    report  that  no  gold  was  detect- 
ed during  their  colorimetry  experiments  with  copper-gold 
alloys.   This  is  in  agreement  with  the  colorimetric  data  of 
Pickering  and  Byrne  on  the  same  system.    '      By  contrast, 
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copper  dissolves  from  copper-zinc  alloys  under  certain  de- 

...     (44,96-97,99) 
alloying  conditions. 

Marshakov  and  coworkers  *•   -*  introduced  the  concept  of 
a  "dezincification  factor"  which  can  be  defined  by  the  equa- 
tion 


(Zn/Cu)  solution 
(Zn/Cu)  alloy 


The  (Zn/Cu)  ratio  in  solution  is  determined  by  chemical 
analysis  of  the  solution,  and  (Zn/Cu)  alloy  is  the  ratio  of 
weight  percents  of  zinc  to  copper  in  the  alloy.   Marshakov 
and  coworkers  studied  dezincification  under  a  variety  of 
conditions  in  both  NaCl  and  HC1  solutions.   They  state  that 
alpha  brasses  in  acid  media  have  a  dezincification  factor 
slightly  in  excess  of  unity.   This  would  mean  that  the 
ratio  of  zinc  to  copper  in  solution  is  slightly  greater  than 
it  is  in  alpha  brass.   No  copper  was  detected  in  acid  solu- 
tions which  had  been  in  contact  with  beta  and  gamma  brass 
(Z  =  ») •   No  other  reports  on  solution  analysis  have  ap- 
peared for  beta  brass. 

The  dissolution  of  copper  from  alpha  brass  has  been 

(44  99) 
interpreted  as  evidence  for  a  redeposition  mechanism,    ' 

or  as  an  indication  that  the  dezincified  copper  layer  was 
undergoing  dissolution.*-47'88,  *  Recent  radiotracer  ex- 
periments indicate  that  exchange  of  copper  between  a  solu- 

(99) 
tion  and  a  copper-containing  metal  surface  can  occur. 
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This  would  seem  to  indicate  that  the  presence  of  copper  in 
solution  from  a  dealloyed  metal  could  also  be  interpreted 
as  being  the  result  of  varying  dissolution  rates  or,  in 
other  words,  a  preferential  removal  process  in  which  one 
metal  dissolves  faster  than  the  other. 

Solution  analysis  has  been  used  to  measure  the  rate  of 

r      ■  *,  «.     (47,78, 

dealloying  as  a  function  of  time  and/or  temperature. 

95,96)   RUbin(47)  reported  the  "partial  apparent  heats  of 

activation  as  a  function  of  composition"  for  the  dissolution 

of  a  series  of  copper-nickel  alloys,  some  of  which  denickel- 

ified,  in  IN  HC1.   The  total  apparent  activation  energies, 

the  sums  of  the  two  partial  values,  varied  from  5  to  10 

Kcal/mole  of  alloy.   The  lower  figure,  corresponding  to  pure 

copper,  compares  quite  well  with  the  5.44  Kcal/mole  obtained 

by  Halperin^   •*  for  the  dissolution  of  copper  in  ammonia 

solutions.   The  values  reported  are  also  in  the  general 

range  described  by  Vetter  for  the  dissolution  of  metals  in 

i  *    (103) 
electrolytes . v 

f  781 
Fisher  and  HalperinL  J    reported  that  copper-gold  al- 
loys showed  a  decrease  in  dissolution  rate  with  an  increase 
in  temperature  for  all  of  their  alloys.   They  also  observed 
parabolic  corrosion  rates.   Parabolic  corrosion  rates  are 
characteristic  of  systems  in  which  the  rate  is  determined 
by  transfer  of  reactants  through  an  adherent  surface  film 
which  thickens  as  the  reaction  progresses.1-      Thus  they 
concluded  that  the  rate  was  limited  by  a  surface  film, 
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probably  Cu20  and/or  CuO,  which  formed  under  stagnant  con- 
ditions within  the  residual  gold  sponge.   Higher  tempera- 
tures would  favor  precipitation  of  copper  oxides  and  the 
formation  of  denser  film  structures,  thus  accounting  for 
the  observed  inverse  temperature  dependence  of  the  reaction 

kinetics . 

The  concentration  of  metal  ions  in  solution  has  also 

*   (97,98) 
been  used  to  calculate  metal-dissolution  currents. 

The  results  of  these  investigations  are  discussed  in 

the  section  on  electrochemical  investigations. 
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Present  Work 

Atomic  absorption  spectrophotometry  was  used  to  analyze 
5N  HC1  solutions  which  had  been  in  contact  with  freely  cor- 
roding alpha  and  beta  brasses.   Information  was  obtained  on 
dissolution  rates,  on  the  presence  or  absence  of  dissolved 
copper  from  beta  brass,  and  on  the  effect  of  temperature 
on  the  reaction  kinetics. 

While  valuable  information  can  be  gained  from  analysis 
of  the  electrolyte,  this  procedure  cannot  be  used  as  the 
sole  investigative  method  in  the  study  of  dealloying  phenome- 
na because  of  certain  severe  limitations  imposed  by  the  char- 
acter and  structure  of  the  dealloyed  metal  surface.   The 
morphology  of  the  dezincified  copper  sponge  can  have  an  im- 
portant effect  on  dissolution  kinetics.   The  possibility 
exists  that  precipitated  reaction  products  can  form  a  sur- 
face film  which  retards  dissolution.   The  surface  area  of 
the  sponge  is  substantially  greater  than  that  of  the  alloy 
at  the  corrosion  interface.   This  means  that  sites  for  the 
electrodeposition  of  copper  are  increased  as  well  as  the 
surface  area  for  dissolution  of  copper  from  the  sponge. 
Blocked  or  narrow  passageways  can  lead  to  stagnant  condi- 
tions and  the  precipitation  of  salts  which  would  be  soluble 
in  the  bulk  solution.   All  these  effects  can  alter  the  metal 
concentration  in  the  bulk  solution,  and  their  possible  in- 
fluence must  be  considered  in  the  analysis  of  data  on  metal 
dissolution. 
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The  exposure  method  used  for  these  tests  was  similar 

f  78^ 
to  that  reported  by  Fisher  and  Halperin.    '      Reaction  ket- 
tles were  used  to  expose  samples,  cut  from  the  same  ingot 

2 
and  having  the  same  surface  area  (2.38  cm   for  alpha  brass, 

2 
1.53  cm   for  beta  brass),  in  750  ml  of  argon-sparged  5N  HC1 

at  various  temperatures.   Twenty-five  milliliter  aliquots 
of  acid  were  removed  from  the  cells  at  12-hour  intervals. 
Each  aliquot  of  sample  was  replaced  with  an  aliquot  of  the 
stock  solution  used  to  fill  the  cell.   This  caused  a  dilu- 
tion of  3.3  %    (25  ml  out  of  750  ml  total)  each  time  a  sample 
was  removed.   Corrections  were  made  for  these  dilutions  in 
the  data  which  follow. 

The  aliquots  were  analyzed  using  a  Heath  Model  EU- 
703-D  Atomic  Absorption  Spectrophotometer  (see  Appendix  1) . 
Both  copper  and  zinc  concentrations  were  determined  for 
each  sample. 

Data  obtained  from  atomic  absorption  determinations 
are  tabulated  in  Tables  2  through  7.   Atomic  absorption 
data  are  reported  to  only  two  significant  figures  consis- 
tent with  the  accuracy  of  the  method. 

Figure  24  shows  an  atomic-absorption  calibration  curve 
for  copper.   This  figure  shows  that  copper  can  be  determined 
to  at  least  the  nearest  1/4  ppm  with  a  reasonable  degree  of 
certainty.   However,  the  precision,  or  the  relative  accuracy 
of  the  measurement  when  compared  to  the  amount  of  metal 
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Table  6 


Atomic  Absorption  Data  for  Beta  Brass 
in  5N  HC1  at  89.35°C 


Time        Amount  in  solution         Weight 
(hours)       (ppm)         (wt)a         removed 

Cu    Zn     Cu      Zn      Cu    Zn 


12  10    420     780  32,000  26  1,100 

24  32   1,200   2,400  94,000  80  3,100 

36  60   2,000   4,500  150,000  150  5,000 

48  100   2,800   7,500  210,000  250  7,100 

a  -  5 

All  weights  in  10    gm. 
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Table  6  (Extended) 


Cu 


Total 
weight 
removed 

Zn 


Cu 


Total 
weight 
that  has 
been  in 
solution 

Zn 


Amount 
left  in 
solution 


Cu 


Zn 


26  1,100  780  32,000  750  31,000  44.6 

110  4,200  2,400  95,000  2,300  91,000  42.6 

260  9,200  4,600  150,000  4,440  140,000  36.5 

510  16,000  7,800  220,000  31.3 
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Table  7 


Atomic  Absorption  Data  for  Beta  Brass 
in  5N  HC1  at  99.85°C 


Time 
(hours) 

Amount 
(ppm) 

in  solution 
(wt)a 

Weight 
removed 

Cu 

Zn 

Cu 

Zn 

Cu 

Zn 

12 

34 

1,200 

2,500 

94,000 

84 

3,100 

24 

150 

3,100 

11,000 

230,000 

380 

7,800 

36 

380 

4,600 

28,000 

350,000 

940 

11,500 

48 

820 

5,500 

62,000 

410,000 

2,100 

14,000 

aAll  weights  in  10 "5  gm, 


67 


Table  7  (Extended) 


Total 
weight 
removed 


Cu 


Zn 


Cu 


Total 
weight 
that  has 
been  in 
solution 

Zn 


Cu 


Amount 
left  in 
solution 

Zn 


84  3,100  2,500  94,000     2,400  91,000  40.70 

460  11,000  11,000  240,000  11,000  230,000  22.85 

1,400  22,000  29,000  360,000  27,000  340,000  13.64 

3,500  36,000  63,000  430,000      --  --  7.50 
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available  for  measurement,  is  lower  for  more  dilute  samples. 
As  an  example,  a  1/4  ppm  deviation  in  a  sample  having  2  ppm 
copper  yields  a  12-1/2  percent  error,  whereas  in  a  sample 
having  8  ppm  copper  the  same  1/4  ppm  deviation  would  produce 
an  error  of  only  3-1/8  percent.   This  type  of  precision 
deviation  is  common  to  all  atomic  absorption  methods.   The 
confidence  limits  shown  on  the  figures  which  follow  were 
calculated  by  assuming  a  possible  -1/4  ppm  deviation  for 
the  original  instrument  reading  obtained  on  the  sample  in 
question. 

The  Heath  spectrophotometer  is  a  single-beam  instrument 
This  means  that  no  provision  is  made  for  automatically  ad- 
justing for  instrumental  drift  due  to  power  deviations  or 
lamp  fluctuations.    ' ''       It  was  found  in  practice  that  the 
instrument  would  drift  significantly  in  a  short  period  of 
time,  thus  negating  the  value  of  a  calibration  curve.   For 
this  reason,  a  procedure  was  developed  whereby  each  sample 
was  introduced  into  the  absorption  flame  once  to  determine 
the  general  range  of  the  concentration  of  the  element  being 
analyzed.   Then  standards  were  introduced  into  the  flame  to 
confirm  the  concentration  range  of  the  unknown.   The  values 
tabulated  in  Tables  2  through  7  were  then  determined  by 
introducing  one  standard,  then  the  unknown,  and  then  another 
standard,  so  that  each  unknown  reading  was  bracketed  by  two 
standard  readings. 
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The  limits  of  detection  for  the  unit  under  the  operat- 
ing conditions  used  in  this  investigation  were  approximately 
0.15  ppm  for  zinc  and  approximately  0.25  ppm  for  copper. 
Theoretical  limits  of  detection  for  these  elements  by  atomic 
absorption  are  somewhat  lower  than  this,  but  the  solutions 
analyzed  had  copper  and  zinc  contents  well  above  these  lim- 
its, and  most  of  them  required  dilution  to  be  brought  with- 
in the  operating  range  of  the  instrument. 

Figure  25  shows  the  dilution-corrected  values  for  cop- 
per and  zinc  dissolved  from  alpha  brass  at  various  times 
(see  also  Column  4  of  Table  3).   The  zinc  values  obey  linear 
kinetics,  but  the  copper  values  fluctuate. 

Copper  and  zinc  dissolution  from  alpha  brass  at  98.50°C 
is   shown  in  Figure  26.   Once  again,  linear  kinetics  are 
observed  for  zinc, and  the  copper  values  fluctuate  somewhat 
before  they  too  become  linear. 

The  dezincification  factor,  Z,  that  was  introduced  by 
Marshakov  and  coworkers'-   -1  is  plotted  for  this  cell  in 
Figure  27.   When  the  confidence  limits  are  taken  into  con- 
sideration, Z  for  alpha  brass  is  seen  to  be  between  1  and 
1.5  for  this  investigation.   This  is  in  general  agreement 
with  Marshakov  and  coworkers.   The  usefulness  of  determining 
Z  is  limited  since  the  absolute  magnitudes  of  the  values  of 
Z  are  strongly  influenced  by  the  precision  of  chemical  analy- 
sis methods  in  processes  (such  as  dealloying)  where  the 
quantities  being  analyzed  are  small. 
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Figures  2  8  and  29  show  the  corrected  amounts  of  copper 
and  zinc  which  have  dissolved  from  beta  brass  at  67.50°C 
as  a  function  of  time.   They  are  not  plotted  on  the  same 
scale,  as  was  done  in  Figures  2  5  and  26  for  alpha  brass, 
because  the  dissolution  rate  for  zinc  (Figure  29)  is  much 
greater  than  the  dissolution  rate  for  copper  (Figure  28). 
The  reaction  kinetics  for  both  copper  and  zinc  appear  to  be 
linear  after  the  first  24  hours. 

Slight  fluctuations  in  the  copper  or  zinc  dissolution 
kinetics  make  disproportionately  large  changes  in  the  magni- 
tudes of  the  dezincification  factor  Z.   This  is  seen  in  the 
positions  of  the  calculated  points  in  Figure  30.   The  values 
shown  in  Figure  30  for  beta  brass  are  up  to  fifty  times  the 
values  plotted  in  Figure  27  for  alpha  brass.   It  is  empha- 
sized here  that  the  values  for  beta  brass  are  finite  in  con- 
trast to  the  results  of  Marshakov  and  coworkers  who  reported 
dezincification  factors  which  were  infinite  for  beta  brass 
because  no  dissolved  copper  was  detected  by  them.   This 
again   illustrates  that  Z  has  no  fundamental  significance 
with  regard  to  the  mechanism  of  dealloying. 

The  effect  of  temperature  on  the  dissolution  kinetics 
of  zinc  from  beta  brass  is  shown  in  Figure  31  where  the 
amount   of  zinc  dissolved  for  beta  brass  is  plotted  versus 
time  for  four  different  temperatures.   There  is  an  obvious 
increase  of  zinc  dissolution  rate  with  temperature. 
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Figure  31. 


Zinc  dissolution  from  beta  brass  in  5N  HC1 
at  various  temperatures.   Scatter  bands  show 
the  limits  of  precision  for  the  original 
measurements . 
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Many  chemical  reactions,  including  metal  dissolution, 
are  found  to  obey  an  empirical  equation  first  proposed  by 
Arrhenius 

K  =  K0  e^1  , 

where  the  pre-exponential  factor,  K   is  usually  found  to 

be  temperature-independent,  at  least  within  the  experimental 

accuracy  of  the  observations,'    '    '    and  Q  is  the  so-called 

"activation  energy."   K  and  K  in  the  above  equation  are 

rate-related  measurements  such  as  weight  loss,  weight  gain, 

depth  of  penetration,  and  metal  dissolution  for  corrosion 

experiments.   The  amount  of  zinc  dissolved  in  48  hours  was 

used  in  the  discussion  which  follows.   This  is  a  reasonable 

choice  since  Figure  31  shows  the  kinetics  to  be  linear.   R 

in  the  Arrhenius  equation  is  the  gas  constant,  1.986  calories 

gm-mole   degree  K~  , *■   '  and  T  is  the  absolute  temperature 

in  degrees  Kelvin. 

If  reaction  kinetics  can  be  represented  by  the  above 

Arrhenius  formula,  then  a  plot  of  log  K  as  a  function  of 

1/T  will  give  a  straight-line  having  a  slope  of  -Q/2.303R.1-    ' 
106) 

Figure  32  is  an  Arrhenius  plot  of  the  amount  of  zinc 
dissolved  from  beta  brass  in  48  hours.   The  activation  energy 
for  zinc  dissolution  over  the  temperature  interval  59.60- 
99.85°C  is  found  from  the  slope  of  this  graph  to  be  18  Kcal 
gm-mole"  .   This  value  is  somewhat  higher  than  those  for 
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Figure  32.  Arrhenius  plot  of  zinc  dissolution  rate  versus 
1000/T.  Scatter  bands  show  the  limits  of  pre- 
cision for  the  original  measurements. 
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- 1   fip'5'i 
electrochemical  metal  dissolution  (±10  Kcal  gin-mole  ~), 

the  dissolution  of  copper-nickel  alloys  as  reported  by  Rubin 

(5-10  Kcal  gin-mole   )  ,  or  the  dissolution  of  copper  reported 

by  Halpenn.  v    ■* 

Kofstad  points  out  the  difficulty  of  ascribing  physical 

interpretations  to  experimentally  determined  activation 

(104) 

energies . *-    ' 

Several  conclusions  can  be  drawn  from  the  atomic-ab- 
sorption data.   There  can  be  no  doubt  that  at  least  some 
copper  enters  solution  from  both  alpha  and  beta  brass  when 

freely  exposed  under  conditions  used  in  these  tests.   This 

r  4  4^ 
contradicts  the  results  of  Marshakov  and  coworkers  *•   '  who 

reported  that  no  dissolved  copper  was  detected  in  solution 

for  their  experiments  with  beta  brass  in  0 . 5M  NaCl  and  in 

0.5M  HC1. 

There  is  evidence  for  a  linear  dissolution  rate  for 
zinc  from  both  alpha  and  beta  brasses  (see  Figures  25,  26, 
29  and  51).   This  would  support  the  metal lographic  observa- 
tions  of  Langenegger  and  Robinson.    ' 

The  irregular  dissolution  kinetics  for  copper  seen  in 
Figures  25,  26,  27  and  30  are  believed  to  be  due  at  least 
in  part  to  the  effects  of  the  morphology  of  the  "spongy" 
dezincified  surface  on  the  corrosion  processes. 

A  comparison  of  the  data  obtained  from  alpha  and  beta 
brasses  confirms  that  beta  brass  corrodes  much  more  rapidly 
than  does  alpha  brass  in  hydrochloric  acid. 
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The  dezincification  factor  introduced  by  Marshakov 
and  coworkers  provides  an  indication  of  whether  or  not  de- 
zincification has  occurred. 

However,  the  factor  Z  has  no  fundamental  significance 
and  the  absolute  magnitude  of  the  dezincification  factor 
may  vary  considerably  for  a  given  exposure  cell  and  cannot 
be  compared  with  the  values  from  other  cells.   The  sensi- 
tivity of  the  dezincification  factor  to  the  irregularities 
of  the  dissolution  kinetics  of  copper  during  dezincification 
is  well  illustrated. 


ELECTROCHEMICAL  INVESTIGATIONS 

Early  electrochemical  tests  measured  the  potential  of 
brasses  in  solutions  known  to  produce  dezincification.   ' 

At  that  time  it  was  not  generally  recognized  that  duplex 
alloys,  such  as  alpha-plus -beta  brasses,  would  exhibit 
mi c restructure -dependent  electrochemical  behavior. 

In  1967,  Joseph  and  Arce ^    '    showed  that  the  corrosion 
behavior  of  a  63  w/o  Cu  -  37  w/o  Zn  brass  was  strongly  de- 
pendent on  structure.   This  particular  alloy  can  have 
either  a  single -phase  alpha  or  a  duplex  alpha-p] us -beta 
structure,  depending  on  heat  treatment,  as  revealed  in  the 
copper- zinc  phase  diagram,  Figure  5.   Several  recent  elec- 
trochemical studies  of  dealloying  have  examined  the  behavior 
of  single-phase  copper  alloys  and  of  more  complex  copper  al- 
loys and  have  taken  microstructure  into  account.-   '   '  °'il    J 

Some  researchers  have  used  driven  anodes  as  a  rapid 
means  of  producing  specimens  to  be  examined  by  non-electro- 
chemical means.  *■     J   Others  have  used  electrochemical  ob- 
servations to  arrive  at  conclusions  as  to  the  mechanism  of 
dezincification.^43'88'95'96'112^   Still  others  have  tried 
to  define  current/4'98'112^  potential /44  '  86 '97 '98  ' 110  ' 113^ 
or  potential-pH^'  '   >    >    J  conditions  where  deallovinq 


83 


84 


might  be  expected  to  occur,  or  to  determine  potentials  xvhere 
cathodic  protection  may  be  possible.   '       ' 

Electrochemical  tests  have  a  number  of  drawbacks  and 
may  be  subject  to  misinterpretation.   For  example,  constant- 
potential  tests  conducted  for  short  periods,  e.g.,  two  hours, 
at  room  temperature  which  fail  to  produce  observable  de- 
zincif ication   ^  may  produce  measurable  dezincif ication 
after  longer  periods  of  time.   '   '  ' 

Electrochemical  tests  on  alloys  subject  to  dealloying 
have  an  added  difficulty  in  that  the  surface  of  the  sample 
will  quickly  change  to  that  of  a  dealloyed  metallic  "sponge" 

if  the  electrode  is  subjected  to  dealloying  conditions.    '   ' 

98,113)   c  a    t-k-t  (86)    -  .    .     .,  .  .,  .  ,     ,. 

'      Sugawara  and  Ebiko^  J    point  out  that  thick  anodic 

films,  such  as  those  caused  by  dezincif ication ,  may  produce 
additional  resistance,  and  thus  a  potential  drop,  between 
the  surface  and  the  uncorroded  portion  of  the  sample.   This 
means  that  the  true  potential  of  the  uncorroded  sample  can- 
not be  determined.   However,  this  potential  change,  which  is 
expressed  by  Ohm's  Law,  E  =  IR,  is  very  small,  because  the 

currents  being  measured  in  a  typical  electrochemical  cell 

-8       -2  (  7  1  °  8 1 

are  of  the  order  of  10    to  10  '  amperes.1  *      J 

Wilde  and  Teterin^    '    reported  that  their  anodic 

polarization  carves  foi  alpha  brasses  and  duplex  alpha-plus  - 

beta  brasses  were  almost  identical  with  the  curve  for  pure 

copper.   The  only  measurable  differences  were  in  current 

density.   They  attributed  the  similarities  to  a  copper  layer 
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which  formed  on  the  sample  surfaces.   Similar  results  were 
reported  by  Sugawara  and  Ebiko^  J    for  alloys  in  the  same 
composition  range.   Alloys  having  47  w/o  zinc  (beta  brass) 
or  more  were  reported  as  having  anodic  polarization  curves 
which  became  more  like  that  of  zinc  as  the  zinc  composition 
increased. 

Marshakov  and  coworkers-  *    stated  that  "The  anodic 
behavior  of  alloys  is  determined  by  the  rate  of  dissolution 
of  the  noble  component  as  the  Slowest  stage."   They  investi- 
gated single -phase  alpha  and  beta  brasses  as  well  as  duplex 
alpha-plus -beta  brasses. 

Pickering  and  Byrne  *•   ^  investigated  the  effects  of  a 
dealloyed  sponge  on  the  surface  of  a  sample  by  holding 
copper-gold  alloys  at  dealloying  potentials  for  varying 
periods  of  time  and  then  "jumping"  the  potential  to  a  more 
noble  level.   They  showed  that  below  a  certain  "critical 
potential"  the  copper-dissolution  current  from  copper-gold 
alloys  was  dependent  on  the  rate  of  copper  solid-state  dif- 
fusion from  the  alloy.   Above  the  critical  potential  the 
copper-dissolution  current  became  strongly  potential -depen- 
dent .   This  critical  potential  was  shown  to  be  composition- 
dependent  for  the  copper-gold  alloy  system,  which  is  a  homo- 
geneous alio}'  system  over  the  composition  range  investigated, 

f  971 
as  well  as  for  copper- zinc  alloys,    '    where  phase  changes 

could  be  interpreted  as  causing  shifts  in  the  critical 

potential . 
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Some  of  the  potentials  that  Pickering  and  Byrne  inves- 
tigated were  below  the  hydrogen  evolution  potentials  for 
the  electrolytes  they  used.   Because  there  was  no  accurate 
way  to  subtract  the  hydrogen-evolution  current  from  the 
measured  electrode  current,  they  used  chemical  analyses  of 
the  metals  in  solution  to  determine  dissolution  currents. 
This  also  allowed  them  to  plot  the  dissolution  currents  for 
each  dissolving  species  separately  at  potentials  where  the 
more  noble  metal  in  the  alloy  was  also  dissolving. 

Potential- versus-pH  plots  (Pourbaix  diagrams)  of  re- 
gions of  chemical  stability  of  elements,  their  ions,  and 

their  salts  in  aqueous  environments,  present  one  possible 

« 
way  of  providing  a  basis  for  predicting  the  tendency  for 

dealloying.   Latanision  and  Staehle,*-    '    Verink  and  Par- 
rish,*-    J  and  Verink  and  Heidersbach ^   ^  have  suggested 
that  the  superposition  of  Pourbaix  diagrams*-    ^  for  the 
constituent  elements  of  the  alloy  may  reveal  a  region  of 
potential  and  pH  where  one  element  would  tend  to  corrode 
while  the  other (s)  would  be  immune.   Latanision  and  Staehle 
later  concluded  that  their  hypothetical  denickelif ication 
of  Fe-Ni-Cr  alloys  was  not  substantiated  by  their  experi- 
mental observations.*-    >      However,  the  copper-nickel  system 
suggested  by  Verink  and  Parrish  and  the  copper- zinc  system 
discussed  by  Verink  and  Heidersbach  both  are  widely  reported 
to  deallov  in  service .  -2 ' 13~ 15 ' 89 ' 12 2 ' 12 3^ 
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Another  advantage  of  the  Pourbaix  diagram,  or  potential 
pH,  approach  to  dealloying  is  that  information  obtained  by 
various  authors  in  different  solutions  can  be  plotted  in  a 
manner  \^hich  provides  meaningful  correlations. 
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Present  Work 


The  experimental  potential-pH  (Pourbaix)  diagram  for 
70  w/o  Cu  -  30  w/o  Zn  alpha  brass  in  0 . 1M  chloride  solutions 

is  shown  in  Figure  33  and  was  determined  by  W.  C.  Fort, 

f77)  C120) 

III,    J    according  to  the  method  of  Pourbaix.     '   Figure 

34  is  a  simplified  version  of  the  equilibrium  diagram  cal- 

( 123") 
culated  by  van  Muylder,  Zoubov  and  Pourbaixv    *    assuming  a 


chloride  ion  concentration  of  0 . 1M  and  all  other  ionic  spe- 

is 
(120) 


cies  to  be  present  in  10  M  concentrations.   Figure  35  is 


a  similar  simplified  diagram  for  the  zinc-H-0  systems 
Figures  in  the  diagrams  correspond  to  calculations  which  are 
listed  in  Appendix  8.   Superposition  of  diagrams,  Figures  33, 
34  and  35,  gives  Figure  36.   It  is  evident  that  the  experi- 
mentally constructed  diagram  shows  a  number  of  features  in 
common  with  the  equilibrium  (potential  versus  pH)  diagram 
for  copper.   Verink  and  Heidersbach  have  discussed  these 
similarities  at  some  length. v  J 

For  pure  copper  in  deaerated  solutions,  the  zero  cur- 
rent potential  on  the  upward  potential  sweep  of  the  electro- 
chemical hysteresis  circuit  indicates  the  position  of  the 
so-called  "immunity"  line  at  a  given  pH.   The  potential  at 
which  this  zero  current  is  observed  often  is  fairly  close 
to  the  calculated  position  of  the  metal/metal  ion  coexis- 
tence potential  for  a  metal  ion  concentration  of  10  '  molar. 
Thus  the  arbitrary  choice  of  10   molar  as  a  definition  of 
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Figure  33.   Experimental  potential  versus  pH  diagram  for 
70  Cu  -  30  Zn  in  0 .  1M  CI"  at  25°C.  (7?) 
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Figure  34.   Simplified  CU-CI-H2O  diagram  at  25°C  for 
solution  containing  0 . 1M  chloride  ions; 
concentrations  of  ionic  species  =  10~6m. 
[Redrawn  from  Ref.  123.] 
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Figure  35.   Simplified  Z11-H2O  diagram  for  concentrations 
of  ionic  species  =  10~6m. 
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Figure  36.   70  Cu  -  30  Zn  alloy  in  0 . 1M  chloride  solution, 
Superposition  of  the  experimental  potential 
diagram,  Figure  33,  onto  Figures  34  and  35. 
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"noncorrosion"  seems  appropriate.   Alloys  which  are  rich 
in  one  component  (e.g.,  70-30  Cu-Zn  or  90-10  Cu-Xi)  tend 
to  have  many  features  in  common  with  the  diagram  for  the 
major  component  (in  this  case,  copper).   The  "immunity" 
line,  however,  appears  to  have  a  somewhat  different  signifi 
cance  for  alloys  than  for  pure  metals.   While  the  kinetics 
of  alloy  dissolution  for  alpha  brass  are  slow  below  the 
alloy  "immunity"  line,  this  does  not  rule  out  the  possibil- 
ity of  dealloying.   Referring  to  Figure  37,  the  "immunity" 
line  for  70-30  Cu-Zn  in  0 .  1M  chloride  was  about  0.000VCIIt,. 
Between  this  potential  and  approximately  -0.940V"SHF  (line 
#9)  there  is  a  theoretical  tendency  for  the  selective  re- 
moval of  zinc  from  the  alloy. 

At  potentials  more  positive  than  about  0.000V~HF,  both 

constituents  of  the  70-30  Cu-Zn  alloy  go  into  solution. 

f971 
Pickering  and  Byrne v  }    report  that  "two  modes -of  dissolu- 
tion may  occur  depending  on  the  potential:   preferential 
and  simultaneous.   Preferential  dissolution  changes  gradu- 
ally with  potential  from  virtually  no  dissolution  of  the 
more  noble  metal  to  simultaneous  dissolution  of  both  com- 
ponents."  Pickering  and  Byrne  observed  this  change  in  be- 
havior between  +0.050VSHE  and  +0.200VSHR  in  Na^O.  solu- 
tions at  pH  5.   There  were  no  chloride  ions  in  their  solu- 
tions, but  the  potential-pH  conditions  they  described  fit 
into  the  cross-hatched  area  on  Figure  36. 
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If  the  above-stated  hypotheses  are  correct,  then  70-30 

brasses  should  be  expected  to  undergo  dezincif ication  in 

acid  solutions  at  potentials  from  ~-0.940Voirr!  to  0.  200VrTTT, 

SHE  SHE 

(the  region  with  small  dots  on  Figure  36).   At  potentials 

between  °-000vSHE  and  +0-200vsHE  ^the  cross-n?-itched  region 
of  Figure  36),  copper  and  zinc  should  dissolve,  but  not 
necessarily  in  the  same  ratio  as  in  tiie  alloy. 

In  order  to  test  these  hypotheses,  a  series  of  poten- 
tiostatic  tests  of  alpha  brass  were  conducted  in  buffered 
0.1M  chloride  solutions  at  pH  4  (see  Appendix  2  for  the 
exact  composition  of  the  solution  used) . 

The  equipment,  for  these  tests  and  the  sample  prepara- 
tion procedures  were  discussed  in  the  section  on  experimental 
procedure . 

The  results  of  these  tests  are  tabulated  in  Table  8. 
The  samples  exposed  at  +  0.150V"SHE  and  +0.050VSHE,  in  the 
domain  described  by  the  cross-hatched  region  of  Figure  36, 
appeared  dezincified  in  solutions  that  were  not  stirred. 
Stirred  solutions  produced  samples  which  appeared  to  have 
undergone  general  dissolution.   Stirring  apparently  removed 
stagnant  conditions  which  would  allow  redeposition  of  copper 
on  the  specimen  surface. 

Those  samples  which  were  exposed  at  potentials  from 
-0.050VgHE  to  -O.SSOVVup  were  observed  to  dezincify  in 
stirred  solutions.   This  corresponds  to  the  potential  region 
where  Pickering  and  Byrne ^  ' *    reported  dezincif ication  of 
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alpha  brass  by  the  selective  removal  of  zinc.   Zinc  ions 
were  present  but  no  copper  was  detected  at  these  potentials, 
either  on  the  platinum  auxiliary  electrode  or  by  atomic- 
absorption  analysis  of  the  bulk  solutions.   Clearly  selec- 
tive dissolution  of  zinc  is  the  predominant  process  in  this 
potential  range. 

Certain  of  the  samples  exhibited  a  dark  tarnish 
(-O.ySOV^up  and  -0 . 850VcHp) .   These  are  presumed  to  have 
undergone  dezincif ication ,  although  the  tarnish  film  was 
too  thin  for  unequivocal  identification  by  x-ray  analysis. 

Superposition  of  Pourbaix  diagrams  of  copper  and  zinc 
also  was  used  to  assess  the  dealloying  behavior  of  beta 
brass.   Although  a  complete  experimental  Pourbaix  diagram 
was  not  available  for  beta  brass,  enough  data  were  at  hand 
to  facilitate  selection  of  appropriate  potentials  for  poten- 
tiostatic  studies  in  0 . 1M  chloride  solutions  at  pH  4. 

The  results  of  these  studies  are  shown  in  Table  9. 
All  samples  exposed  to  potentials  from  +0.050VcHp  to 
-0.850VCIir.  were  found  to  dezincify.   The  effects  of  stir- 

brit 

ring  were  not  as  obvious  as  for  alpha  brass,  but  between 
+0.050  and  -0.150V*SHp  in  stirred  solutions  copper  was. depos- 
ited on  the  platinum  auxiliary  electrode.   The  lowest  poten- 
tial at  which  copper  was  detected  on  the  platinum  auxiliary 
electrode  in  stirred  solutions  was  -0.150V<,„p.   Evidently 
the  high  zinc  content  in  beta  brass  causes  this  potential 
to  be  more  active  than  was  found  to  be  the  case  for  alpha 
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brass.   In  unstirred  cells  the  copper  appeared  to  have  re- 
mained at  or  near  the  sample  surface,  since  no  copper  was 
detected  in  the  bulk  solutions,  after  any  of  the  potentio- 
static  beta  brass  tests. 

Figure  37  shows  the  surface  of  a  sample  of  beta  brass 
which  was  held  in  a  sample  holder  such  as  is  shown  in 
Figure  4.   The  sample  was  exposed  for  a  short-term  test  of 
2-3/4  hours  at  +0.050VeHp-   The  reddish  copper  crescent  in 
the  upper  left  of  the  photograph  illustrates  the  effects  of 
stirring  on  dezincif ication .   That  portion  of  the  sample  sur- 
face which  was  sheltered  from  stirring  by  the  configuration 
of  the  sample  holder  (i.e.,  a  relatively  stagnant  area)  has 
a  dezincified  appearance  due  to  the  deposition  of  copper. 
Where  stirring  was  effective  (the  balance  of  the  surface) 
dezinci f ication  did  not  occur. 

The  above  photograph,  coupled  with  the  observations  on 
alpha  brass  discussed  above,  can  be  taken  as  further  evidence 
that  dezincif ication  can  occur  by  an  electrodeposition  mecha- 
nism in  certain  potential  ranges. 

Figure  38  shows  the  configuration  of  a  typical  poten- 
tiokinetic  scan  for  alpha  brass.   Plots  of  the  zero  current 
potential  on  the  return  (downward)  scan,  E  ,  are  shown  by 
the  line  numbered  5  5  in  Figure  3  4  and  in  Appendix  8. 

At  this  potential  on  downward  potentiokinetic  scans 
the  samples  were  observed  to  change  to  a  reddish  color 
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Figure  37.   Beta  brass  held  at  +0.050Vshe  for  2-3/4  hours 
Crescent-shaped  reddish  region  shows  effect 
of  stirring  action  on  dezincif ication. 
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POTENTIAL 


+  Z 


Figure  38.   Typical  potentiokinetic  scan  in  acid  solutions 
Ep  is  found  to  occur  near  +0.200VsHE  and 
between  the  zero-current  potential  and  the 
first  maximum. 
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typical  of  copper  deposits.   This  potential  is  approximately 
+0.200VoHp  and  corresponds  to  the  potential  for  the  reaction 

Cu  +  2C1"  -  CuCl  +  e~ 

in  solutions  containing  0 . 1M  CI  .   As  a  consequence,  deposi- 
tion of  copper  would  be  expected  at  potentials  below 
+0.200VSH£. 

A  number  of  researchers  have  used  copper  chloride  solu- 
tions to  accelerate  dezincif ication  reactions.   A  recent 
paper  by  Falleiro  and  Pieske  indicates  that  nickel  chloride 
solutions  have  a  similar  accelerating  effect  on  dezincifi- 
caticn.  -  *      This  suggested  that  the  acceleration  of  dezincifi 

* 

cation  caused  by  these  solutions  could  be  explained  by  the 
free  corrosion  potentials  of  brasses  immersed  in  them. 

Tests  were  run  in  four  solutions  which  had  been  re- 
ported in  the  literature  to  produce  rapid  dezincif ication. 
The  experimental  setup  was  identical  to  that  used  for  the 
potentiostatic  tests  except  that  a  Keithley  Model  602B 
Electrometer  attached  to  a  strip-chart  recorder  was  used  to 
measure  the  potential  of  the  sample  for  a  period  of  24  hours 
in  the  solution  of  interest.   All  solutions  were  stirred 
vigorously. 

The  results  of  these  tests  on  both  alpha  and  beta 
brasses  are  summarized  in  Tables  10  and  11.   In  every  case 
the  observed  behavior  could  be  explained  in  terms  of  the 
final  steady-state  potential  reached  by  the  sample.   In 
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all  instances  this  potential  was  reached  within  one  hour 
of  the  start  of  the  test.   The  two  samples  which  did  not 
dezincify  were  both  alpha  brasses  which  came  to  potentials 
of  +0.090VSHE  and  +0.085VgHE.   This  is  in  the  potential 
range  where  stirring  was  shown  to  prevent  deposition  of 
copper  on  alpha  brass  specimens. 


DISCUSSION 

The  two  main  theories  which  have  been  proposed  for 
dezincification  have  often  been  considered  to  be  mutually 
exclusive.   Authors  claiming  that  they  have  found  supporting 
evidence  for  one  or  the  other  mechanism  have  claimed  without 
further  justification  that  the  other  conclusion  was  unwar- 
ranted. 

Evidence  has  been  presented  herein  which  indicates  that 
each  (and  sometimes  both)  mechanism   can  occur.   X-ray  analy- 
sis and  electron  microprobe  data  which  support  a  selective- 
removal  explanation  of  the  dealloying  process  were  obtained 
from  some  of  the  same  samples  which  show  copper  deposits. 
Figure  15  shows  a  diffusion  zone  in  alpha  brass  which  had 
been  exposed  in  hydrochloric  acid.   Figure  16  is  a  photo- 
micrograph of  this  samp]e  and  shows  the  probe  trace  in  the 
center  of  the  picture.   Figure  16  also  shows  a  copper  depos- 
it at  the  top  of  the  picture,  thus  illustrating  that  both 
mechanisms  can  occur  on  the  same  piece  of  metal.   The  two 
samples  which  produced  the  x-ray  patterns  in  Figures  9  and 
10  also  had  deposits  on  the  surface  and  produced  electron- 
microprobe  data  indicating  the  existence  of  diffusion  zones. 
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The  diffusion  distance's  in  Figures  12  and  13  are  small 
but  are  still  wide  enough  to  represent  several  tens  of  thou- 
sands of  interatomic  distances,  and  thus  they  can  represent 
significant  diffusion  distances.   Pickering  points  out  that 
the  diffusion  interface  is  not  flat  but  becomes  rough,  or 
rippled. ^   '   J   Although  this  irregular  interface  usually 
is  too  small  to  be  seen  metallographically  in  the  case  of 
dealloying  in  aqueous  environments,    '    the  same  effect  has 
been  noted  on  samples  subjected  to  liquid-meta]  corrosion 
where  the  perturbations  are  large  enough  to  be  seen  metal- 
lographically. ^    J   This  roughening  results  in  a  shorter 
average  diffusion  path  length  than  would  be  available  with 
a  flat  interface.   The  distances  which  are  detected  with  the 
microprobe  are  thus  probably  larger  than  the  actual  diffu- 
sion path  and  represent  the  width  of  this  roughened  area 
rather  than  the  length  of  the  diffusion  path  itself.   None- 
theless, the  net  diffusion  zone  still  is  large  enough  to 
be  observed  with  confidence  using  the  electron  microprobe. 

The  electrodeposition  of  copper  from  solutions  having 
a  significant  copper  ion  concentration  can  be  explained  by 
the  Nernst  equation 


r    vo        2.3  RT  ,     CuCl2 
L  =  E   + —  log 


aCu(alloy)  ^Cl-^ 


7    (Eq.  1) 


which  at  room  temperature  becomes 


-The  sign  convention  used  herein  conforms  to  that  used 
in  calculation  of  Pourbaix  diagrams.   See  Eq.  76,  Appendix  8 
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c   _o   0.059]  ,   • 

E  =  E   +  — = log 


"CuCl. 


aCu(alloy) ^Cl-^ 


(Eq.  2) 


for  the  reaction 


Cu  +  2C1 


CuCl?   +  e 


(Eq.  3) 


The  terms  of  this  equation  can  be  separated 

E  -  E°  ♦  0.059  log  aCuCl2_  -  0.0591  log  (aCu(alloy) Cacl- ) 2 


Variations  in  either  the  CuCl?   or  the  Cu(allcy)  activity 

will  cause  a  change  in  the  equilibrium  potential  for  the 

reaction.   In  other  words,  increases  in  the  activity  of  the 

complex  copper  ion  will  shift  the  equilibrium  in  the  noble 

direction.   The  existence  of  a  copper  alloy  having  a  higher 

copper  activity  than  that  of  the  original  alloy  will  lower 

the  potential.   Accordingly,  copper  is  expected  to  be  elec- 

trodeposited  from  solutions  at  a  given  potential  provided 

the  conditions  of  Eq.  1  are  fulfilled.   The  log  an    ,    ,,   >. 

1  °   Cu(alioy) 

term  varies  only  slightly  for  compositions  of  from  10-100 
percent  copper. 

Equation  3  implies  that  copper  will  be  deposited  from 
unstirred  0 . 1M  chloride  solutions  at  potentials  below- 
+  0.200V*cup-   Scanning  in  the  active  direction  from  poten- 
tials more  noble  than  +0.200VCLITr  will  result  in  the  onset 

SHE 

of  copper  deposition  at  this  potential.   Thus  copper  depo- 
sition is  to  be  anticipated  from  solutions  containing  cop- 
per ions  (either  as  corrosion  products  or  as  added  ions)  at 
potentials  below  +0.200V"SHE  in  0.1M  chloride  solutions. 
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The  approximate  copper  and  zinc  concentrations  which 
were  attained  in  the  three  cells  in  which  copper  deposits 
were  observed  on  alpha  brass  are  listed  in  Table  12.  The 
dezincification  factors,  Z,  vary  from  3.8  for  50°C  to  25. 
for  75°C.  All  these  values  are  substantially  higher  than 
the  values  (slightly  above  unity)  reported  by  Marshakov  and 
coworkers  and  in  this  report  for  the  dezincification  of 
alpha  brasses. 

The  fact  that  stagnant  conditions  can  lead  to  dezincifi 
cation  is  illustrated  in  Figure  39  where  "holidays"  in  the 
stop-off  lacquer  used  to  coat,  all  but  a  certain  portion  of 
a  sample  caused  dezincification  in  areas  under  the  holidays 
while  the  uncoated  area  suffered  general  dissolution.   Three 
explanations  are  possible: 

1.  The  copper  ion  concentration  may  satisfy 
conditions  necessary  for  deposition  accord- 
ing to  the  Nernst  equation. 

2.  The  concentration  of  copper  in  localized 
areas  of  restricted  flow  could  exceed 
solubility  limits  and  cause  precipitation 
of  copper. 

3.  The  local  electrochemical  potential  of 
the  brass  surface  at  the  corrosion  inter- 
face could  have  been  altered  due  to  local- 
ized differences  in  the  electrolyte  within 
the  "flow-restricted"  area. 
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Table  12 


Approximate  Copper  and  Zinc  Concentrations 

in  Solutions  Where  Copper  Deposits 

Were  Observed  on  Alpha  Brass 


Temperature  Copper  Zinc 

of  cell  (ppin)  (PP™) 


50°C  1,600  2,600 


75°C  500  5,500 

100°C  5,900  12,200 
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Figure  39.   Cross-section  of  alpha  brass  showing  where 
holidays  in  the  stop-off  lacquer  caused 
dezincif ication  in  the  stagnant  regions 
beneath  the  holidays.   The  unmasked  region 
had  no  flow  restrictions  and  suffered  gen- 
eral dissolution.   25X 


Ill 


The  high  dezincification  factors  for  beta  brass  under 
free- corrosion  conditions  can  be  explained  as  due  to  the 
electrochemical  potential  of  beta  brass  relative  to  that  of 
alpha  brass  under  conditions  where  these  brasses  undergo 
dissolution.   Tanabe  *•  "  '    and  Sugawara  and  Ebiko^   -'  report 
that  dealloyed  copper  alloys  quickly  become  covered  with  a 
surface  layer  of  copper  which,  if  the  ohmic  resistance  of 
the  layer  is  low,  presents  a  copper  surface  to  the  bulk  solu- 
tion which  is  at  the  free  corrosion  potential  of  the  alloy. 
This  potential,  according  to  the  data  of  Wilde  and  Teterin,    'J 
is  lower  for  beta  brass  than  it  is  for  alpha  brass.   Thus  the 
potential,  or  "driving  force,"  difference  between  the  deposi- 
tion potential  of  copper  from  copper  chloride  solutions 
(approximately  +  0.200VC..,T:  for  0 .  1M  chloride  solutions)  and 
the  potential  of  the  copper  surface  layer  on  the  brass  sur- 
face is  greater  for  beta  brass  than  it  is  for  alpha  brass. 

Sugawara  and  Ebiko*-0  J    point  out  the  difficulty  of 
determining  the  potential  of  a  dealloyed  metal  at  the  corro- 
sion interface,  which  is  behind  a  resistance  barrier  due  tc 
stagnant  solution  conditions  and  the  presence  of  the  de- 
alloyed  layer.   Nonetheless,  the  concept  of  a  Pourbaix  dia- 
gram for  brasses  seems  to  explain  experimental  observations 
and  provides  a  basis  for  predicting  conditions  under  which 
dealloying  is  likely  to  occur. 

The  Pourbaix  diagram  approach  also  explains  the  effects 
of  stirring  on  dealloying.   LaQue  has  observed,  in  salt  water 
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exposure  tests  of  spinning  discs  of  copper  alloys,  that  de- 
alloying  (when  it  occurred)  was  always  observed  near  the 
center  of  the  discs  where  effective  water  velocity  was  the 
lowest.^-    *      The  outer  portions  of  the  same  discs  were  ob- 
served to  have  undergone  general  corrosion.   Although  the 
electrochemical  potential  was  not  reported,  it  is  likely 
that  it  was  in  the  region  indicated  by  cross-hatching  on 
Figure  36. 

Components  exposed  to  conditions  involving  high  rela- 
tive motion  between  the  part  and  the  electrolyte,  such  as 
ship  propellers  and  pump  impellers , have  also  been  observed 
to  undergo  dealloying.   Under  these  circumstances,  it  was 
likely  that  the  potential  was  in  the  region  indicated  by 
small  dots  in  Figure  36. 

Examination  of  the  Nernst  equation  as  written  for  the 
dissolution  of  a  divalent  metal  ion  of  a  hypothetical  metal, 
A, 

B  =  E°  +  2-32RT  log  aA++  -  2>32RT  log  aA   (Eq.  4) 

reveals  that  the  term  relating  to  the  activity  of  the  cop- 
per in  the  alloy  is  almost  negligible  for  concentrations  of 
from  10-100  percent  A  (activities  assumed  to  be  proportional 
to  concentration).   This  is  illustrated  by  a  plot  of  the 
equilibrium  potentials  for  the  equations 

A  =  A   +  2e 
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and     B  *  B++  +  2; 


of  a  hypothetical  binary  alloy  shown  in  Figure  40.   The  com- 
position regions  in  which  the  activities  of  the  metals  in 
the  alloy  become  significant  have  been  exaggerated  so  that, 
they  can  be  shown  on  the  graph.   There  are  two  regions  of 
interest- -the  dotted  region  in  the  upper  left  where  metal  A 
will  not  dissolve  and  element  B  will,  and  the  larger  region 
where  element  B  will  dissolve  and  element  A  will  not.   Both 
are  regions  where  dealloying  is  theoretically  possible. 

This  argument  would  lead  to  the  conclusion  that  the 
line  on  a  Pourbaix  diagram  which  separates  a  region  of  non- 
corrosion  from  a  corrosion  region  would  not  be  displaced 
radically  by  alloying.   This  is  contrary  to  experimental 
observations  made  during  this  study  and  to  the  work  of 
others . 

The  experimental  observations  of  Pickering  and  Byrne*-  ' 
indicate  that  copper  dissolves  from  copper-gold  alloys  at 
a  different  potential  for  copper  -  13  percent  gold  than  it 

does  for  copper  -  18  percent  gold.   This  confirms  earlier 

f97l 

results v"  J    by  the  same  authors  on  the  dissolution  of  zinc 

from  epsilon,  gamma  and  alpha  brasses. 

Clearly  the  Nernst  equation  cannot  explain  this  aspect 
of  dealloying.   The  equilibrium  potential-pH  diagrams  for 
copper  and  zinc,  Figures 
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Figure  40.   Theoretical  domains  for  dealloying  in  a 
given  solution  based  upon  the  Nernst 
equation. 
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34  and  35,  were  calculated  using  the  Nernst  equation  for  the 
"immunity"  lines.   Preliminary  investigations  into  the  ex- 
perimental Pourbaix  diagram  for  pure  nickel  reveal  that  there 
arc  significant  differences  between  the  experimental  and  the- 
oretical  diagrams  for  nickel.1-    '    J   The  same  may  hold 
true  for  zinc  and  gold,  although  the  experimental  copper  dia- 
gram in  chloride  solutions  has  been  determined  and  agrees 

f  ]  2  0 
closely  with  many  features  of  the  theoretical  diagram.     ' 

126) 

One  possibility  for  the  failure  of  the  Nernst  equation 
to  explain  the  experimental  observations  discussed  above  is 
that  the  calculations  were  made  assuming  the. activities  of 
the  elements  in  the  alloy  were  directly  proportional  to  the 
composition.   This  approximation  may  not  be  justified.   The 
activities  of  constituents  of  alloys  usually  are  determined 
at  high  temperatures  and  may  not  be  the  same  at  low  temper- 
atures.^   »    '    J      However,  radical  departures  from  ideal- 
ity are  seldom  encountered  in  alloy  systems  and  these  de- 
partures would  have  to  alter  the  activities  by  several 
orders  of  magnitude  before  they  would  alter  the  principal 
points  of  the  above  argument. 


CONCLUSIONS 

On  the  basis  of  an  analysis  of  the  dezinci fication  of 
alpha  and  beta  brasses  under  free  corrosion  conditions  and 
en  the  basis  of  electrochemical  behavior  of  these  alloys 
it  may  be  concluded  that: 

1.  X-ray  diffraction  and  electron  microprobe  data 
indicate  that  a  selective-removal  process  for  the  dezincifi- 
cation  of  brasses  is  operative,  at  least  under  certain  con- 
ditions of  potential  and  pH. 

2.  Optical  evidence  and  electrochemical  evidence  indi- 
cate that  a  redeposition  mechanism  for  dezincif ication  can 
occur  under  suitable  conditions  within  a  particular  range  of 
potential  and  pH. 

3.  Both  operative  mechanisms  can  be  observed  to  have 
taken  place  on  the  same  specimen.   This  can  be  explained  in 
several  ways: 

a)  The  selective-removal  process  may  actually 

be  one  of  relative  kinetics,  i.e.,  both  metals  under- 
go dissolution,  but  the  zinc  dissolves  much  faster, 
in  a  certain  well-defined  range  of  potential  and  pH, 
than  copper. 

b)  Conditions  at  the  metal-solution  interface 
are  altered  by  the  presence  of  metal  ions  in  solution. 
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4.  Copper  enters  solution  during  the  dezincification 
of  both  alpha  and  beta  brasses  under  freely  corroding  con- 
ditions (no  electrochemical  stimulation)  in  5N  HC1  solution, 

5.  Linear  dissolution  kinetics  were  observed  for  the 
dissolution  of  zinc  from  both  alpha  and  beta  brasses  for 
tests  ranging  up  to  120  hours  at  temperatures  up  to  approxi- 
mately 100°C. 

6.  The  dissolution  kinetics  for  copper  are  irregular 
based  on  atomic  absorption  data.   This  irregularity  is  be- 
lieved to  be  caused  at  least  in  part  by  the  morphology  of 
the  residual  copper  layer. 

7.  The  activation  energy  measured  for  the  dissolution 
of  zinc  from  beta  brass  during  dezincification  was  approxi- 
mately 18  Kcal  gm-mole   .   This  value  is  somewhat  higher 
than  activation  energies  for  electrochemical  dissolution  of 
metals  (approximately  10  Kcal  gm-mole   ) . 

8.  Because  of  the  seeming  irregularity  of  copper  dis- 
solution kinetics  it  is  considered  meaningless  to  calculate 
an  activation  energy  for  copper  from  atomic  absorption  data, 

9.  It  is  possible  to  predict  domains  of  potential  and 
pH  for  each  of  the  operative  mechanisms  of  dezincification 
by  superposition  of  experimental  potential  versus  pH  dia- 
grams over  the  equilibrium  Pourbaix  diagrams  for  the  con- 
stituent metals  of  the  alloy. 
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10.  The  resulting  composite  diagram  provides  a  basis 
for  understanding  the  influence  of  stirring  and  high  flow 
rates  on  the  dezincif ication  process. 

11.  The  composite  diagram  also  provides  an  explanation 
for  why  tests  in  copper  chloride  solutions  produce  acceler- 
ated dezincif ication. 

12.  The  use  of  copper  chloride  solutions  to  test  copper 
alloys  for  susceptibility  to  dealloy  is  a  well-established 
practice.   It  is  not  valid  to  make  conclusions  on  the  mecha- 
nism of  dezincification  based  solely  on  tests  in  these  solu- 
tions . 


RECOMMENDATIONS  FOR  FURTHER  RESEARCH 

The  results  of  this  investigation  reveal  a  number  of 
areas  of  research  which  should  be  explored,  both  for  their 
scientific  possibilities  and  because  of  their  possible 
economic  benefits. 

The  development  of  experimental  Pourbaix  diagrams  should 
be  extended  to  cover  all  commercial,  and  potentially  commer- 
cial; alloy  systems.   Pourbaix  diagrams  at  elevated  temper- 
atures are  a] so  needed.   Preliminary  investigations  with 
single-phase  beta  brasses  reveal  that  the  electrochemical 
hysteresis  technique  must  be  augmented  by  potentiostatic 
testing  in  conjunction  with  solution  analysis  investigations. 

Identification  of  in  situ  reaction  products,  such  as 
the  tarnishes  found  on  potentiostatic  samples  at  low  poten- 
tials in  this  study,  is  an  area  of  importance.   Identifica- 
tion of  thin  films  of  passive  species  could  lead  to  impor- 
tant  advances  in  alloy  development.  ''    }      The  possibilities 
of  reflectance  spectroscopy  in  the  ultraviolet,  visible,  and 
infrared  spectra  should  be  investigated. 

Recent  dealuminization  failures  in  aluminum  bronzes 
indicate  a  need  for  further  understanding  of  this  system  of 
alloys. 
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C.  L.  Bulow  has  suggested  that  electron  microprobe  in- 
vestigations of  arsenical  duplex  alpha-plus -beta  brasses 
might  overcome  our  present  lack  of  understanding  and  lead 
to  the  development  of  an  effective  dezincif icaticn  inhibitor 
for  these  alloys. 

The  irregularities  in  the  copper  dissolution  data  ob- 
tained by  atomic  absorption  analysis  may  well  be  explained 
by  a  systematic  study  of  the  evolution  of  morphology  of  de- 
alioyed  sponges  using  the  scanning  electron  microscope. 
The  appearance  of  "annular  rings"  such  as  those  shown  in 
Figure  17  cannot  be  explained  merely  by  temperature  varia- 
tions. 

"Corrosion  tunneling,"  such  as  is  discussed  by  P.  R. 

,  •  (131) 

Swann,  has  a  bearing  on  stress  corrosion  ox  some  alloys. 

This  is  considered  to  occur  by  a  dealloying  mechanism  and 
indicates  a  further  need  for  morphological  studies. 

The  failure  of  the  Nernst  equation  to  explain  dealloy- 
ing indicates  a  need  for  investigations  into  a  reliable 
method  of  low- temperature  determination  of  the  activities 
of  alloy  components. 
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APPENDIX  1 
EQUIPMENT  USED  IN  ELECTROCHEMICAL  TESTS 

1.  Magna  Anatrol  Potentiostat  Model  4700M  with  attached 

Linear- Scan  Model  4510. 

2.  Hewlett-Packard  Sanborn  Differential  Aip.pl i  fie r  Model 

887 5A. 

3.  Hewlett-Packard  Logarithmic  Converter  Model  75.61A. 

4.  Hewlett-Packard  Moseley  X-Y  Recorder  Model  7000A. 

5.  Corning  Calomel  Reference  Electrode. 

6.  Keithley  Electrometer  Model  60 2B. 

7.  Beckman  pH  Meter  Expandomatic  Model  SS-2. 

8.  Hewlett-Packard  Moseley  Model  680  Strip  Chart  Recorder, 

9.  Duo  Seal  Vacuum  Pump  Model  140 5H. 

10.  Acton  Model  MS64  Electron  Microprobe. 

11.  Cambridge  Stereoscan  Scanning  Electron  Microscope 

with  Ortec  Energy-Dispersive  Si (Li)  X-ray  Energy 
Analysis  System. 

12.  Heath  Malmstadt  Enke  Model  EU-703-D  with  Techtron 

Type  AB51  Slot-type  Burner. 
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APPENDIX  2 
ELECTROLYTES 

pH  (±0.2)  Composition 


3.0  0.100  molar  NaCl 

0.002  molar  HC1 
0.005  molar  KHCgH404 

4.1  0.100  molar  NaCl 

0.088  molar  KHC8H404 
0.002  molar  NaOH 

4.5  0.100  molar  NaCl 

0.016  molar  NaOH 
0.0  74  molar  KHCgH404 

5.0  0.100  molar  NaCl 
0.0  30  molar  NaOH 
0.060.  molar  KHCgH^ 

5.5  0.100  molar  NaCl 

0.038  molar  NaOH 
0.052  molar  KHCgH404 

5.9  0.100  molar  NaCl 

0.042  molar  NaOH 
0.048  molar  KHCgH404 

7.1  0.100  molar  NaCl 
0.046  molar  NaOH 
0.045  molar  KHCgH^ 

8.3  0.100  molar  NaCl 

0.100  molar  NaHC03 
0.001  molar  KHCgH404 

8.6  0.100  molar  NaCl 

0.10  0  molar  NaHC03 

9.0  0.100  molar  NaCl 

0.100  molar  NaHCOj 
0.010  molar  NaOH 
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pH  (±0.2)  Competition 

9.5  0,100  moldr  NaCl 

0.100  molar  N'aHC03 
0.020  molar  NaOH 

10.0  0.100  molar  NaCl 

0.001  molar  NaOH 
0.003  molar  NaHCOj 

11.0  0.100  molar  NaCl 

0.001   molar   NaOII 

12.0  0.100  molar  NaCl 

0.010  molar  NaOH 

13.0  0.100  molar  NaCl 

0.100  molar  NaOH 


APPENDIX  3 
CHEMICAL  ANALYSES  OF  ALPHA  BRASS 


Sample  Number  6 
Element 
Copper 
Lead 
Iron 
Tin 

Nickel 
Manganese 
Silicon 
Aluminum 


Tellurium 

plus  Selenium 

Phosphorus 

Bismuth 

Zinc 


Weight  Percent 
70.47 

0.006 

0.004 
<0.001 
<0.001 

r\  rv  r\  *> 
■<U  ,UUi 

<0.002 

<0.001 

None  detected 
None  detected 
<0.0005 
Remainder 
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Sample  Number  5  5 

Element  Weight  Percent 

Copper  69.82 

Lead  <0.006 

Iron  <0.004 

Tin  <0.001 

Nickel  <0.001 

Manganese  <0.002 

Silicon  <0.002 

Aluminum  < 0.001 

Antimony  <0.01 

Phosphorus  None  detected 

Bismuth  <0.0005 

Arsenic  <0.00  3 

Zinc                •  Remainder 

Analyses  were  supplied  by  the  manufacturer,  Chase  Brass 
and  Copper  Company,  Incorporated,  who  donated  the  material. 

Sample  6  was  used  for  the  metallographic,  x-ray,  elec- 
tron microprobe,  and  potentiokinetic  studies.   Sample  55  was 
used  for  atomic  absorption  and  potentiostatic  studies. 


APPENDIX  4 
BETA  BRASS  INGOT  PREPARATION 

Beta  brass  alloys  were  prepared  from  99.99  w/o  pure 
copper  and  pure  zinc  stock  purchased  from  the  American 

Smelting  and  Refining  Company.   The  procedure  which  follows 

C44) 
is  similar  to  that  described  by  Marshakov  and  coworkers. 

Pieces  of  copper  and  zinc  were  cleaned  in  concentrated 
HNO,  followed  by  rinsing  in  1/1  HNO,-H~0,  in  distilled 
water,  and  finally  in  acetone  after  which  they  were  dried 
under  a  hot-air  blower. 

Charges  weighing  approximately  150  grams  were  placed 
in  19  mm  O.D.  Vycor*  vials  which  then  were  evacuated  and 
sealed. 

The  encapsulated  charges  were  placed  in  a  standard 
heat-treating  furnace  and  the  temperature  of  the  furnace 
was  brought  up  to  1000°C,  which  is  approximately  120°C  above 
the  liquidus  for  the  alloy  (see  Figure  5).   After  the  alloys 
had  been  molten  for  at  least  four  hours,  the  capsules  were 
removed  from  the  furnace  and  turned  end-over-end  at  least 
twice  in  order  to  stir  the  liquid.   The  capsules  were  then 
placed  back  in  the  furnace  and  kept  at  1000°C  for  another 


*Trade  name,  Corning  Glass  Company, 
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hour.   Then  the  furnace  coiitrollel  was  turned  down  to  850°C 
and  held  for  four  hours  at  this  temperature. 

The  capsules  were  then  removed  from  the  furnace  and 
broken,  and  the  ingots  were  quenched  under  a  water  tap. 

Top  and  bottom  sections  were  removed  from  each  ingot 
and  analyzed  according  to  the  procedure  in  Appendix  5. 
Grain  size  was  quite  large,  and  a  typical  cross -section 
would  have  four  or  five  grains  visible  after  polishing. 


APPENDIX  5 

PROCEDURE  FOR  THE  ELECTROGRAVIMETRIC 
CHEMICAL  ANALYSIS  OF  BINARY  COPPER- ZINC  ALLOYS 


The  following  procedure  is  adapted  from  the  procedures 
recommended  by  the  American  Society  for  Testing  Materials 
and  by  G.  H.  Ayres ,  Quantitative  Chemical  Analysis^. 

1.  Use  a  balance  accurate  to  10"   gm  for  all  weighings. 

2.  Place  a  one-gram  sample  of  the  brass  to  be  analyzed 
in  a  2  50  ml  beaker. 

?,  \dd  17  cr  distilled  H~0.  5  ml  cone  H-SO.,  and  3  ml 
cone  HNO-  to  the  beaker  in  the  order  listed.  This  solution 
will  become  hot  and  initiate  dissolution  of  the  brass. 

4.  Dilute  the  mixture  to  75  ml  and  stir,  using  an  in- 
ert magnetic  stirring  bar,  until  the  brass  is  completely 
dissolved. 

5.  Dilute  to  200  ml. 

6.  Electrolyze  at  1  amp  (approximately  2  volts)  for 

8  hours  using  a  preweighed  platinum  gauze  electrode  as  the 
cathode  and  a  platinum  wire  placed  at  least  2  cm  from  the 
cathode  as  an  anode. 

7.  Add  20  ml  of  water  to  the  solution.   If  no  addi- 
tional copper  deposit  is  apparent  at  the  new  solution  level 
after  15  minutes,  assume  the  electrodeposition  is  complete. 


12  9 


130 


If  copper  appears  continue  electrolysis  until  no  new  copper 
appears  when  liquid  level  is  raised. 

8.  Remove  cathode  from  the  water  with  the  current 
still  on.   Rinse  the  cathode  using  distilled  water  from  a 
wash  bottle  as  the  cathode  is  removed. 

9.  Rinse  the  cathode  with  distilled  water  and  acetone 
using  wash  bottles. 

10.  Dry  the  cathode  using  a  hot-air  blower. 

11.  Weigh  the  cathode. 

12.  The  weight  percentage  of  copper  in  the  test  sample 
is  given  by: 

w/0  cu  =  weight  gain  of  cathode     10Q 

13.  Zinc  content  is  calculated  to  be  the  remainder  of 
the  sample. 


APPENDIX  6 

ANALYSIS  OF  BETA  BRASS  INGOTS 
USED  IN  THIS  INVESTIGATION 


Ingot, 
number 

Analy 

.  a 
sis 

o) 

Cu 

Zn 

23 

53.10 

46.90 

36 

52.15 

47.85 

Investigations 

in  which 
ingot  was  used 


Electron  microprobe 

X-ray  diffraction, 
electron  microprobe 

38  52.56    47.44        Free  corrosion 

potential 

44  52.22  47.68  Atomic  absorption 

45  51.91  4G.09  Potentiostatic 
56  51.80  48.20  Potentiostatic 
58  53.37  46.63  Potentiostatic 


a 


All  analyses  were  performed  using  the  procedure 
described  in  Appendix  5. 
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APPENDIX  7 
ELECTROCHEMICAL  SAMPLE  PREPARATION 

All  samples  were  sliced  into  discs  on  a  cut-off  wheel 
and  ground  at  120  grit  on  a  belt  sander.   Samples  were  then 
hand  polished  on  240,  320,  480  and  600  grit  silicon  carbide 
paper,  washed  in  distilled  water, and  dried  under  a  hot-air 
blower. 
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APPENDIX  8 

EQUATIONS  USED  IN  CONSTRUCTION  OF 
POTENTIAL  VERSUS  pH  DIAGRAMS  FOR  THE  Cu-Cl-H20  SYSTEM 

AND  THE  Zn-H20  SYSTEM 


Cu-Cl-H?0  System,  [extracted  from  Van  Muylder,  deZoubov 

and  Pourbaix^25)  j 

Eg.  # 

*12     2Cu  +  H20  -  Cu20  +  2H+  +  2e 

a)  E  =  0.471  -  0.0591  pH  (no.  hydrated  oxides) 

b)  E  =  0.572  -  0.0591  pH  (assumes  hydrated  Cu?0) 


14     Cu20  +  H20  =  2CuO  +  2H   +  2e 


a)  E  -  0.669  -  0.0591  pH 

b)  E  =  0.568  -  0.0591  pH  (assumed  hydrated  CU2O 

but  non-hydrated  CuO) 


16     2CuO  +  H20  =  Cu203  +  2H+  +  2e 


a)   E  =  1.648  -  0.0591  pH 


^Equation  numbers  refer  to  circled  numbers  on  diagrams, 
Figures  34,  35  and  36. 
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Cu-Cl-ILO  System  (continued) 


Eg.  # 


17    Cu++  *  H20  =  CuO  +  2H+ 


+  + 


a)   log(Cu   )  =  7.89  -  2pH 


+  + 


42    CuCl  2  =  Cu   +  2C1   +  e 


a)   E  =  0.465  =  0.0591  log 


(Cu   ) 
(CuCl"2) 


+  0.1182  log(Cl") 


51    2 CuCl  +  H20  =  Cu20  +  2C1   +  2H 


a)   log (CI  )  =  -5.66  +  pH 


53     3Cu(OH)2-CuCl2   =  4CuO  +  2Cl"  +  2H   +  2H20 


a)   log  (CI  )  =  7.40  +  pll 


Cu  +  CI   =  CuCl  +  e 


a)   E  =  0.137  -  0.0591  log(Cl') 


57     4Cu  +  6H20  +  2C1"  =  3Cu (OH) 2 • CuCl2   +  6H   +  8e 


a)   E  =  0.461  -  0.0443  pH  -  0.0148  log(Cl') 
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Cu-Cl-H?0  System  (continued) 

Eg.  # 
59    4CuCl  +  6H20  =  3Cu(OH) 2 • CuCl-   +  2Cl"  +  6H+  +  4e 

a)   E  -  0.785  -  0.0886  pH  +  0.0295  logfCl") 

62     2Cu20  +  6H20  +  2Cl"  -  3Cu(OH)  2  •  CuCl-   •♦  6H+  +  8e 
a)   E  =  0.498  -  0.0148  log(Cl~)  -  0.0443  pH 


67    2CuCl"2  +  H20  -  Cu20  +  4Cl"  +  2H+ 


a)   log(CuCl"2)  =  4.45  -  pH  +  2  log(Cl') 


76    Cu  +  2C1   =  CuCl  2  +  e 


a)   E  =  0.208  +  0.0591  log(CuCl"2) 
-  0.1182  log(Cl") 


80    CuCl"   +  H20  =  CuO  +  2C1"  +  2H+  +  e 


a)   E  =  0.932  -  0.1182  pH  -  0.059  log(CuCl"2) 
+  0.1182  log(Cl") 


82    CuCl  =  Cu++  +  Cl"  +  e 


a)   E  =  0.537  +  0.0591  log(Cu++)  +  0.0591  log(Cl') 


136 


Zn-H?0  System  [extracted  from  Zoubov  and  Pourbaix*-"  ~  J ] 


Eg.  # 


5    Zn  +  H?0 


=  ZnO  +  2H   +  2e 


a)   E  =  -0.439  -  0.0591  pH 


6    Zn++  +  H20  =  ZnO  +  2H+ 


+  + 


a)   log(Zn   )  =  10.96  -  2  pH 


7    ZnO  +  H20  =  HZnO  2  +  H 


a)   log(HZnO  2)  =  -16.6  8  +  pH 


+  + 


9    Zn  =  Zn   +  2e 


+  4-. 


a)   E  =  -0.763  +  0.0295  log(Zn   ) 
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